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ABSTRACT
Foam fractionation is a, method of separating 
components of a solution that differ in surface activity; 
in such a solution, surface active material concentrates 
at the liquid surface. When the solution is foamed, a very 
large additional surface is created in the foam in which 
the surface active material is therefore concentrated.
Proteins are well known as foam stabilisers and 
foam fractionation has been used to separate enzymes on a 
laboratory scale. While the process has the potential for 
protein separation on a large scale, no satisfactory 
treatment exists that will give a quantitative prediction 
of the behaviour of a foaming system.
The aim of this work was to develop an universal 
design equation capable of predicting the Enrichment ratio 
(the chosen criterion of separation efficacy) under any 
given set of operating conditions.
Foam fractionation of an idealised pure protein 
system of Bovine Serum Albumen in buffer at pH 4.6 was 
carried out in the batch mode; the range of liquid volume 
employed being 0.2-11.5 litres.
Firstly the operating parameters affecting Enrichment 
were identified by carrying out experiments over a wide range 
of operating conditions. The parameters were found to be 
bulk liquid concentration, foam column height, superficial
gas velocity, foaming cell diameter and also bulk liquid 
depth.
Using the concept of Ideal Foam a simplistic 
Theoretical treatment was developed to give a design 
equation which has four empirical constants,
= i + exp (al+bl.C).H/Gc .Di
(ii + j.C)
This equation predicts all the experimental results in 
the region where the assumption of Ideal Foam is valid, with 
the highest confidence limits using the x2 statistical test.
The equation does not take into account any change in 
bulk liquid depth ,while the mean foam bubble diameter was 
found to be essentially constant over the wide range for which 
the design equation applies. The model has not been adapted 
for use with binary protein solutions.
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1. INTRODUCTION
Foam Fractionation is a method of separating 
components of a solution that differ in surface activity.
In such a solution, surface active material concentrates 
at the liquid surface giving rise to a "surface excess".
When the solution is foamed, a very large additional 
surface is created in the foam, in which the surface-active 
material is therefore concentrated. Proteins are well 
known as foam stabilisers and several groups of workers 
have demonstrated that foam separation can be used 
successfully in the separation of enzymes and other proteins. 
While foam separation therefore, has potential as a large- 
scale process for protein separation, it has not so far been 
developed; however a related process is successfully in use 
in waste-water treatment for detergent removal and for sludge 
thickening (Stephan, 1965). No satisfactory treatment of 
the process has yet been produced that gives a quantitative 
prediction of the behaviour of a foaming system: in addition, 
or perhaps as a result, published research work on the 
subject has been somewhat fragmentary. In consequence no 
design equation or other co-ordinated basis for scaling up 
the process has been developed.
The present work is an investigation of the 
performance of a foam separation process carried out in a 
systematic, empirical manner, with the information so obtained 
combined into a correlation that can be used as the basis for 
the design of large scale foam separation systems.
1.1. ADSORPTIVE BUBBLE SEPARATION TECHNIQUES
The liquid surfacesat which the surface-active 
species are concentrated are, in most cases, gas-liquid 
interfaces, but some processes make use of the interface 
between two liquid phases and are known as "emulsion” 
or "droplet" separation processes. The principle can also 
be used for separating non-surface-active species (colligends) 
by attachment to surface active substances known as "collectors"
The complete range of adsorptive bubble separation 
techniques is illustrated diagrammatically in Figure 1.
(Lemlich, 1968): of these various techniques, foam separation 
processes are of most relevance to the separation of biological 
materials. They can be considered in two sub-divisions 
"foam-fractionation" and "froth flotation". Foam fractionation 
facilitates separation or concentration of a species from a 
homogeneous solution, while froth flotation is used to 
separate or concentrate particulate matter. The distinction 
between the two techniques becomes somewhat blurred when 
considering colloidal systems or those containing the very 
large molecules characteristic of biological materials.
1.2. MECHANISM OF SEPARATION
Foam separation achieves its effect by the creation 
of a large gas-liquid interfacial area in the form of gas 
bubbles in the liquid. The gas-liquid interface of each 
bubble becomes enriched in the surface-active species, with
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respect to the bulk of the solution and this surface- 
active species is transported to the surface as the bubbles 
rise to it forming a foam at the top of the liquid. If the 
foam is removed and allowed to collapse, the resultant 
solution will be enriched in the surface-active species.
The formation of the surface excess is very rapid, 
as the bubbles effectively "sweep” the solution, bringing 
interface to the surface-active solute, rather than allowing 
equilibrium to be attained by molecular diffusion to the 
interface, as in the static surface situation.
If the bubbles arriving at the top of the liquid 
are insufficiently stable to form a foam, or if foam is not 
removed and is allowed to collapse back into the liquid, 
the nett effect may be that surface-active species will be 
swept from the bottom to the top of the bulk solution, 
setting up a concentration gradient. This effect is used in 
"bubble fractionation" (Lemlich, 1972) a separation procedure 
in its own right, in which the enriched interface is removed 
in a non-foaming system. This effect can also influence the 
efficacy of foaming systems since the liquid carried upwards 
by a foam may be itself enriched in addition to the "surface 
excess" enrichment occuring at the bubble surface.
1.3. PROCESS OUTLINE
Foam separation is carried out in a vessel commonly 
called a "foaming cell". Foam is produced by forming bubbles
in a solution held in the cell, by one of a number of 
alternative methods.
The usual method of forming bubbles is to force
gas into the liquid through sparger nozzles or through
perforated or sintered distributors near the base of the 
cell. The bubbles pass up through the liquid to the liquid 
surface where foam is formed. The distance between the 
distributor and the liquid surface is known as the "liquid 
depth", Figure 2.
The foam formed at the liquid surface may, if it is 
sufficiently stable, be allowed to build up to a considerable
height above the liquid surface. This enables the foam to
be easily removed from the cell, but, more importantly, further 
enrichment of surface-active species occurs in the foam 
column. The distance between the liquid surface and the point 
where foam is removed is termed "foam column height".
It can be seen that the equipment needed to set up a 
foam separation unit need not be sophisticated: the foaming 
cell consists of a vessel (usually cylindrical) capable of 
holding liquid, fitted with a distributor near its base (in 
this case a sintered glass disc), and beneath the distributor 
the vessel should be fitted with a connection for the gas- 
supply line. An adjustable sleeve would be mounted at the top 
of the vessel so that varying foam column heights can be 
accomodated.
The apparatus used in this study is described in 
detail in Section 5.
6.
2. LITERATURE SURVEY
A schematic diagram of the complete range of 
adsorptive bubble separation techniques is presented in 
Figure 1. (Lemlich, 1968). Of these techniques, foam 
separation processes are of most relevance to the separation 
of biological materials and these are considered here.
2.1. PREVIOUS WORK ON FOAM SEPARATION
2.1.1. EARLY WORKS ON FRACTIONATION OF BIOLOGICAL MATERIALS
Foam separation was first used to separate albumin 
from potato and beet juices (Ostwald & Siehr, 1937; Mischke, 
1940; Nissen & Estes, 1941; Perri & Hazel, 1946; Davis et 
a l , 1949) using a very simple apparatus. Gonadotrophic 
hormones in the urine of pregnant women have been concentrated 
by foaming (Courier & Dognon, 1939) and carboxy methyl 
cellulose has been fractionated by foaming according to 
molecular weight and degree of methylation (Schiitz, 1942). 
Several groups of workers used foam separation to concentrate 
and purify enzymes (Ostwald & Mischke, 1940; Bader et al,
1944; Dognon & Gougerot, 1947).
Andrews & Schiitz (1945) were able to separate rennin 
and pepsin by foaming; previously these proteolytic enzymes 
were so difficult to separate that they were considered 
to be identical. In work by the same school on the purification 
of bile (Schiitz, 1946; Bader & Schiitz, 1946), the bile salts,
sodium glycocholate and taurocholate, were separated by 
enrichment in foam. Foam was produced by passing gas in 
to the bulk solution through a single nozzle and it was 
noticed that low gas bubbling rates produced a richer foamate 
and that changes in solution pH resulted in changes in the 
efficacy of separation. It was acknowledged that the 
difficulty of distinguishing between individual proteins made 
enzymes the most promising subjects for investigating the 
performance of fractionation systems, since they were 
identifiable by their biological activity, but, evidently 
as a result of fears regarding denaturation, work on foam 
fractionation, continued, for a time, mostly in the non- 
biological field.
2.1.2. NON-BIOLOGICAL APPLICATION OF FOAM FRACTIONATION
Before the advent and widespread use of bio-
degradeable detergents, foam fractionation units were employed
\
widely as an integral part of the sewage treatment process in 
many sewage works.for the removal of non-bio-degradeable 
detergent (Stephan, 1965). The units were necessary for two 
reasons (i) to prevent unintentional foam formation and foam 
fractionation at the aeration stage of sewage treatment, and 
(ii) more directly, to remove the detergent from sewage 
effluent, preventing further contamination and foaming 
problems in natural waters. Even at the present time when 
the bio-degradeable detergents in use are largely broken down 
during the sewage treatment process, foam fractionation units 
are still in use as a final polishing stage to remove final 
traces of detergents before discharge of the effluent
(Jenkins et al, 1972). Considerable expertise in the 
engineering design of foam fractionation units was built 
up during the development of these units for detergent 
stripping, and long-term studies of the behaviour of 
surfactant foaming systems has led to the development of 
a generalised equation describing the rate of detergent 
removal from a solution (Grieves & Bhattacharya, 1970)
-  (Cf .Vr) = Sf (G)m (Cr )w  ............(1)
clt
This equation was obtained by experimentation using a 
laboratory foam separation unit in the simple batch mode 
but an illustration has been given of its use in continuous 
foam separation (Grieves & Bhattacharya, 1970). The 
equation as such cannot be used to apply to cells of other 
diameters or those employing different foam column heights. 
Further experimental work would need to be carried out on 
such cells before the equation could be applied more widely.
In general terms, some of the more theoretical 
treatments applied to surfactant systems may be initially 
useful in considering foam separation of biological material 
Such work is discussed in Sections 2.4 and 2.5.
It must be noted however that there is considerable 
difference between the behaviour of detergent foams and thos 
of biological materials such as saponins and albumins (Shih 
and Lemlich, 1971), this may be due to the considerable 
difference in molecular size and molecular orientation at
the interface (Kanner & Glass, 1969; James & Augenstein,
1966), as discussed in Section 2.6.
The feasibility of applying foam separation to 
various non-biological systems have been examined; a 
typical more recent example of this being the removal of 
metallic ions and complexes from solution by attachment to 
surface-active collectors. Copper and Zinc have been 
extracted from sea water using a solid colligend (Kim & 
Zeitlin, 1972) and 150-fold enrichment in the removal of 
mercury (II) ions from solution has been reported (Miller & 
Sullivan, 1971).
2.1.3. RECENT WORK ON THE FOAM FRACTIONATION OF BIOLOGICAL 
MATERIALS
In work on the foam fractionation of enzyme 
preparations (London et al, 1953, 1954; London & Hudson,
1953) the qualitative effect on the efficacy of separation 
of various parameters as indicated by earlier workers (Section
2 .1 .) were more rigorously confirmed and useful indications 
of the effect of various other process parameters on both 
purification and denaturation of the enzymes were given; 
these wide-ranging conclusions set out below appear to be 
based on a limited report of a total of less than thirty 
experiments carried out in the batch mode.
Catalase (pork liver), urease (jackbean) and acid 
phosphatase (prostate) were purified individually from
solutions of their respective preparations, and catalase 
and urease were separated from a mixed preparation of the 
two. Urease was concentrated in the foam, while catalase 
and acid phosphatase tended to remain in the residual 
solution and appeared in the foam only towards the end of 
a batch run. Protein damage was associated with the making 
and breaking of unstable foam, such as that produced by 
mechanical agitation, rather than with foams produced by 
the introduction of gas. Of the two gases used for foam 
production, the less stable foams produced with carbon 
dioxide caused some denaturation, while the "wet", stable 
foams fron nitrogen caused no such damage. In addition to 
confirming the findings of Schiitz (1946) that the enzymes 
gave the highest purification and recovery from solutions 
at pH values near their respective iso-electric points, it 
was concluded that purification and recovery both depend on 
protein concentration and that the highest recoveries were 
obtained at particular concentrations characteristic of the 
protein. The values quoted were 0.08% for urease, 0.037% 
for catalase and 0 .01% for acid phosphatase, with enrichment 
ratios of 9.7, 2.3 and 15 respectively. It was also reported 
that purification was reduced by the addition of sodium 
sulphate and of ethanol, and increased by addition of non­
ionic detergent. Foams with small bubbles gave high recoveries, 
as did large diameter foaming cells; there was an optimum 
foam column height for each cell diameter, and the depth of 
solution in the cell was also thought to be significant.
Temperature was not found to affect the behaviour of
the system significantly in the range 10 to 30°C, and as 
the gas flow-rate was not strictly controlled, no 
conclusion could be drawn with respect to that parameter.
Foams causing bloat in cattle have been investigated 
in a qualitative manner with foaming experiments on lucerne 
solutions (Buckingham, 1970) and on bovine salivary 
secretions with their associated protozoal proteins (Jones 
& Lyttleton, 1972). The protozoal proteins were found to 
act as foam stabilisers, undergoing surface denaturation 
at pH 5.8 and giving maximum foam persistence in the pH range 
5.5 to 6.5.
Foam fractionation of a number of different substances, 
including lipoid material, was studied with a more fundamental 
and quantitative approach in a simple foam fractionation 
system with a constant height of foam column and without 
removal of the foamate (Karger, 1966). The mechanism 
proposed by which enrichment in the foam was achieved depended 
on internal reflux, as foamate from collapsed foam drains back 
through the foam column, where any surface-active solute would 
be preferentially adsorbed at the interface in the foam. 
Recoveries of surface-active ionic salts varied from 401 
immediately on foam formation to 1001 after 1 hour. Recovery 
of vegetable lecithin ( C ^  to ^ g )  t*10 f°am after
2 hours was achieved using an anionic surfactant, sodium 
lauryl sulphate, in acid conditions.
The recovery of protein from liquors containing 
dissolved or precipitated casein and haemoglobin by foaming
was investigated as a comparison with the activated sludge 
process (Iibuchi, et al, 1974). Recovery of precipitated 
protein was more efficient than that of dissolved protein 
and compared favourably with the activated sludge process. 
Temperature had little effect in the range 10 to 40°C, 
but the addition of salts gave a marked improvement, 
particularly in acid conditions.
Experiments with 3-lactoglobulin solutions showed 
that surface tension decreases and foam stability increases 
with increasing concentration of added salts (Lauwers, 1964).
Bovine serum albumen (BSA) previously added to sea­
water has been successfully removed at concentrations as low 
as 5 microgrammes per litre ( Wallace & Wilson, 1969): from 
consideration of the rate-limiting processes occurring in 
foam separation at such low concentrations, it was concluded 
that the operation was strongly dependent on gas bubble 
diameter and gas flow-rate. BSA solutions were also used 
to confirm London, Cohen & Hudson's inferences by foaming 
with air and with the concentrated foamate returned to the 
bulk solution. (Schnepf & Gaden, 1959). Enrichment ratios 
of up to 20 times were reported, with the concentration of 
BSA solutions as low as 20 mg/litre, and no denaturation 
was detected. Measurements of the surface tension of BSA 
solutions at different concentrations showed a very steep 
drop in surface tension with increasing BSA concentration 
in dilute solutions, levelling off to a barely detectable 
rate of decrease at high concentrations. From this, it was
predicted and observed that enrichment ratio increases 
sharply with decreasing BSA concentration. Maximum en­
richment was obtained at the iso-electric pH of the protein, 
and the presence of a non-surface-active polymer, dextran, 
of molecular weight similar to that of BSA had no effect 
on the enrichment of BSA and neither was itself enriched.
It was inferred that the gas used to produce foam would 
affect the degree of protein denaturation caused by the 
process, with carbon dioxide, air and "inert” gases in de­
creasing order of denaturing power. As foam fractionation 
gives increasing enrichment with decreasing protein 
concentration, a conclusion drawn was that the process is 
best suited to preliminary concentration of very dilute 
protein solutions before further concentration by other 
techniques.
The same apparatus was used at the New England Enzyme 
Centre to investigate the foam fractionation of solutions of 
catalase and 3-amylase preparations and the separation of 
the enzymes from mixed solutions of the two (Charm et al 
1966). Measurements of surface tension of the enzyme 
preparations at different concentrations in water and in 
ammonium sulphate solution showed that there are upper and 
lower threshold concentrations between which surface tension 
falls evenly with increasing protein concentration, and is 
virtually constant outside the thresholds. Both thresholds 
are lower, for their respective enzymes, in ammonium sulphate 
solution than in water. Between the concentration thresholds 
separation efficiency is most influenced by solution pH and is 
highest near, but not at, the iso-electric pH of the individual
14.
enzyme. Successful separation of both enzymes, individually 
from their preparations and from each other was effected 
under conditions predicted from the surface-tension/ 
concentration data. After exhausting one batch of enzyme 
solution, further separation was obtained by increasing the 
concentration of ammonium sulphate and foaming again. Losses 
in enzyme activity were about 15% for catalase and 5% for 
the amylase. Foaming trials were carried out on six other 
enzymes: cellulase, D-amino acid oxidase (hog kidney) 
tripeptide synthetase (bakers' yeast) and aryl pyruvate keto- 
enol tautomerase (Candida tropicalis) showed negligible loss 
of activity, while ADH (human liver) showed 5-20% activity 
loss with fivefold purification, and malic dehydrogenase 
(chicken heart) showed a 25% loss of activity. Later work on 
LDH (chicken heart) showed no separation of the enzyme on 
foaming, but its specific activity in the residual solution 
was doubled as a result of the removal of non-active protein 
into the foam (Charm 1972).
Streptokinase was separated by foaming from a crude 
streptococcal culture filtrate (Holmstrdm, 1968) , but was 
unusual in that at the iso-electric pH of the enzyme, pH 5, 
enrichment was poor and the deactivation was 40 to 50%. At 
pH 6.5 however, enrichment of 3.4 times was obtained with 
80% recovery, and the least inactivation, of 6%, was found 
at pH 7. The explanation advanced for this was that 
streptokinase is sensitive to low pH levels, which caused 
the inactivation at its iso-electric pH, and the high 
recovery at pH levels considerably higher than its i.e.p. 
was due to its adsorption on to other protein in the
solution which was then concentrated in the foam.
2.2. FROTH FLOTATION
When gas bubbles are formed in a slurry of solid 
particles, certain species of particle may become 
preferentially attached to bubbles and be carried into a 
froth at the top of the liquid. The froth can then be 
skimmed off and the particles allowed to settle out of the 
collapsed froth. .Particles which are not themselves 
sufficiently surface-active to attach directly to bubbles 
can be collected by attachment to surface-active substances, 
known as "collectors” . For example, particles which are 
electrically charged can be collected by attachment to an ionic 
surfactant of opposite charge. To enable the froth to exist 
long enough to be skimmed, a foam stabiliser may be added to 
the slurry, and many substances serve as both collectors 
and foam stabilisers. Other substances can be added which 
inhibit collection of unwanted species. The process was 
developed originally in the mineral dressing industry for 
separating valuable ore particles from gangue, bubbles being 
produced by mechanical agitation, and is still undergoing 
a lengthy conversion from an art to a science. The standard 
introductory text on the process is by Gaudin (1957) who was 
also one of the first to extend the principle to the 
separation of micro-organisms. Theoretical aspects of the 
process are comprehensively covered by Derjauguin & Dukhin 
(1960), and a text by Klassen & Mokrusov (1963) pays 
particular attention to work reported in the Soviet bloc 
countries.
2.2.1. FROTH FLOTATION OF BIOLOGICAL MATERIALS
Loss of micro-organisms in foam from aerated 
cultures has long been a problem (Black et al, 1958;
Boyles & Lincoln, 1958) and much work has gone into 
the prevention of foaming in fermentation. Use of the 
effect was first made in removing bacterial cells from 
salt solutions (Dognon, 1941). Solid particles were re­
moved from surface water by foaming (Hopper & McCowen,
1952) including 99% of bacteria and all cysts of 
Endamoeba histolytica; in another water-treatment study 
(Moore & Bryant, 1954) bacteria were removed by foaming 
using quaternary ammonium salts as foaming agents.
Spores of Bacillus anthracis were separated from 
a well autolysed culture containing casein hydrolysate, 
by foaming with air, giving a clean concentrate of spores 
free of vegetative cells and cell debris, and with 
enrichment ratios of up to 19 times (Boyles & Lincoln, 1958). 
With a second foam concentration stage, enrichment ratios 
averaging 40 times could be obtained, and differences in 
the amount of cell debris in the spore concentrates was 
noticed between rhizoid and mucoid strains of the bacillus. 
Spore concentrates with enrichment ratios up to 8.6 were 
obtained from autolysed cultures of Bacillus subtilis v a r . 
niger when the culture pH was raised to 11.5 and a re­
suspension of the spores after washing was easily 
reconcentrated by foaming. In the same work, concentration 
of cells of Serratia marcescens with enrichments of about 
8 times was obtained, and with cells of Bacillus suis,
separation of different strains according to their cell 
capsular material was achieved, but attempts to concentrate 
cells of Pasteurella tularensis were unsuccessful.
Separation of spores from an autolysed culture of Bacillus 
cereus was achieved by frothing (Black, MacDonald &
Gerhardt, 1958) and vegetative cells were removed from a 
culture of B. subtilis var niger (the same strain as used 
by Boyles & Lincoln) in a medium containing casein 
hydrolysate by frothing with air (Gaudin, Mular & O ’Connor, 
1960a). In an extension of this work, the same authors 
(1960b) showed that separability depended on the age of the 
spores, and while secondary amines acted as preferential 
collectors for spores, carboxylic acids collected vegetative 
cells and their debris; some inferences as to the surface 
structure of spores and vegetative cells were drawn from 
this. Separation was also affected by the solution pH 
according to the collector in use. Similar results were 
reported from work on Escherichia coli, with BSA as a foam 
stabiliser (Gaudin, Davis & Bangs, 1962a; 1962b) where spore 
age and solution pH were also found to be significant factors.
A considerable volume of work on the foam separation 
of bacteria has been carried out by Grieves and various co­
workers. In experiments with a washed suspension of E. coli 
(Grieves & Wang, 1966), a cationic surfactant (EHDA-Br) was 
used as both collector and foam stabiliser in a simple batch 
system in which foam was produced with nitrogen. The 
bacterial cell*concentration in the residual liquid was found 
to follow an exponential decay pattern with time, and 
enrichment ratios between 10 and 10^ were obtained. As
with foam fractionation of homogeneous solutions, the very high 
enrichment ratios are achieved towards the end of the experiment 
when the residual solution is very depleted. Surfactant is 
apparently bound to the bacterial cells, as indicated by a 
discrepancy in the surfactant mass balance before and after 
foaming which increases with the quantity of bacteria used. In 
a continuation of the work (Bretz, Wang & Grieves, 1966, Grieves 
& Wang, 1966), dosing of surfactant to the system in increments 
during foaming was found to give higher recoveries than by using 
the same total quantity of surfactant added at the start of the 
experiment. A simple linear relationship between final and 
initial concentrations of bacteria was proposed, but was found 
to hold at only one concentration of surfactant. In another 
series of experiments on several different microbial species, 
the presence of inorganic salts was found to decrease the 
recovery of Bacillus subtilis, Pseudomonas fluorescens,
Serratia marcescens, Bacillus cereus, P. vulgaris and E . coli, 
and salts with divalent ions had more effect than monovalent 
salts (Grieves & Wang, 1967a; 1967b). Except for E. coli, the 
presence of salts increased the volume of foamate produced: 
the variation of foam volume produced with solutions containing 
different species of micro-organism or the same micro-organism 
with different concentrations of surfactant has not been 
satisfactorily explained. There was no strong correlation 
between the Gram ty;pe of the species and the enrichment achieved 
or the foam volume produced, and no mechanism for the 
adsorption of surfactant by bacterial cells has been advanced.
Workers in Japan have separated a parent sake- 
yeast from its non-foaming mutant (Ouichi & Akuyama,
1971; Ouichi & Nunokawa, 1973), and differences in 
bubble adsorption between glucose-grown yeast and the 
same strain grown with a hydrocarbon carbon source 
showed that the cell walls of the hydrocarbon-grown 
strain were seven times more hydro-phobic than those of 
the glucose- grown strain (Miyazu & Yano, 1974).
Recovery of algae from cultures using froth flotation 
techniques have been investigated (Rubin et al 1966); 
the process used was characterised by the use of very low 
gas flow-rates, of collectors and foaming agents and 
flocculating agents such as alum. Experiments in a range 
of pH values between pH 4 and 8 showed that pH was critical, 
and optimal recovery of 90% was achieved at pH 7.2; the 
algae investigated were Chlamydomonas reinhardii and 
Chlorella ellipsoida. A similar system, using laurylamine 
or lauric acid as collectors gave reasonable recoveries 
of Aerobacter aerogenes without the use of a flocculating 
agent (Rubin, 1968). The process has also been widely 
applied to sludge thickening in sewage treatment plants 
(Jenkins et al 1972; Rosen 1971).
2.2.2. RELATED TECHNIQUES
For completeness, brief accounts of the related 
adsorptive bubble separation techniques shown in Figure 1 
are given below.
2.2. 2.1. BUBBLE FRACTIONATION
Bubble fractionation is the term used to define a 
process in which gas is forced through the perforated base 
of an elongated cell having a large height to diameter ratio. 
The bubbles so formed pass up through the liquid bulk and 
whilst doing so, each bubble adsorbs solute at its inter­
face. Such processes are non-foaming, enriched liquid being 
removed at the upper liquid surface on coalescence of the 
bubbles. Only dilute solutions may be employed with this 
technique so that a concentration gradient is set up with 
respect to liquid depth. Since the highest concentration 
occurs at the top Lemlich (1972) has suggested that this 
effect may also manifest itself in foam separation; since the 
liquid carried upwards by the foam may be itself enriched 
giving enhanced solute concentration.
The solutes employed by most workers in this field 
have been dyes, and enrichment ratios of about 5 have been 
reported (Lemlich, 1966; Harper & Lemlich, 1966; Lemlich & 
Shah, 1970; Dorman & Lemlich 1971). The flow patterns 
induced in the liquid pool by the passage of gas bubbles 
through it are reported to have a considerable effect on 
the enrichment ratio obtained, and the height to diameter 
ratio of the cell is also highly significant in this 
respect (Kown & Wang, 1971).
2.2.2.2. SOLVENT SUBLATION
Solvent Sublation (Sebba, 1962; Caragay & Karger, 
1966; Karger et al 1967) is a similar technique to bubble 
fractionation except that the bubbles rise to an interface 
of a second, less dense liquid, instead of to the 
atmosphere. Here solute mass transfer between the liquids 
occurs. The use of biological materials with this technique 
has not been studied though there could be a potential use 
in the concentration of lipid-associated surface-active 
materials such as lipoxidases.
2.3. THEORETICAL CONSIDERATIONS
The complexity of foaming systems makes them 
unsusceptible to mathematical analysis, and treatments 
starting from fundamentals have generally needed considerable 
inclusion of simplifying assumptions before reasonable 
correlation with experimental behaviour can be obtained. 
Foaming systems can conveniently be considered firstly in 
terms of the properties of foams themselves, and then in 
terms of the surface phenomena causing enrichment.
2.3.1. FOAMS
As pointed out in Section 1, the importance of foam 
is not merely because it acts as a convenient means of 
collecting surface excess layers, but also because a 
considerable amount of further enrichment takes place within 
the foam as a result of liquid drainage and film coalescence.
Models developed to describe foam properties are considered 
here firstly in terms of a static volume of foam, then 
with models accounting for drainage and then with consideration 
of the dynamic foam columns more usually encountered in foam 
separation systems.
2.3,2. STATIC FOAM
An absolutely pure solvent will not foam, but 
minute quantities of surface-active material dissolved in 
it will allow foaming to occur (Nakagaki., 1957) . In the 
same work, a thermodynamic theory was advanced to account 
for foam formation and foam stability in terms of foam 
volume ("foaminess") and foam life. This thermodynamic 
argument was said .later to be incomplete, since it lacked 
terms to account for the effects of gravity and the 
pressure differences in the system (Ross, 1967). An 
equation of state was then developed (Ross, 1969) based on
Tait’s classical work on the space structure of
coalescing bubbles (Tait, 1885). For a number of moles of 
gas nm , a volume of gas V at an absolute temperature T, 
the surface area A can be related to the outside atmospheric 
pressure P and the surface tension of the liquid y. T a i t ’s 
expression for coalescing spherical droplets
3P.AV + 4y.AA = 0.................. ....... (2)
can be modified to apply to bubbles, which have two 
surfaces
3P.AV + 2y .AA = 0 ...................... (3)
where V and A are the changes in bubble volume and surface
area respectively. From these,Ross developed the 
expression
P.AV + l-y.AA = n .R.T.................(4)3 m '
as a general law applicable to all foams, where R is the 
universal gas constant.
Equation (4) can be rearranged in the form
n .R.T o a
Pav = " V ---- = P + M .........
where ?av is the average pressure within the foam. This 
illustrates that, in agreement with thermodynamic 
principles, the area of surface per unit volume of foam 
is determined uniquely by the surface tension of the liquid 
and the average excess pressure in the foam relative to 
the atmosphere.
An approach considered relevant to the present 
study was intended initially to explain the rate of 
exudation of liquid from a static foam column (drainage); 
the experimental data were well described by the expression
L = Loe'at ...........................(6)
(Arbuzov & Grebenschikov, 1937; Ross, 1943; Brady & Ross, 
1944).
Attempts were made to set up models to describe 
the rate of liquid drainage. Assuming the bubble walls to 
be solid, so that liquid velocity at this point was zero, 
the rate of drainage from between two bubbles was assumed
to be described by the liquid flow resulting from the 
approach of two parallel plates, a model first put 
forward by Gibbs (1948). It was found that even allowing 
for a change in the distance separating the plates with 
time, that the resultant expression did not correlate well 
with experimental results (Ross, 1943).
The expression was modified in later work (Jacobi, 
Woodcock & Grove, 1956) to allow for the change in "plate 
separation" with time and with height in the foam column 
by successive reorientations of time and height coordinates. 
This enabled it to be used to describe a static, draining
foam column where the foam wetness changes with height in
the foam column. The expression obtained was of the form
= b (a.t + 1)_3/2 ................ ...... (7)
dt
where L is the volume of liquid draining from the column 
in time t, and a and b are constants. This expression fitted 
well to experimental results, and a very similar expression . 
has been developed which gives a good correlation with 
other workers’ results (Ross, 1969):
-3/2
dL _ 1 B . L (B.t + 1) ' .................(8)
” 2
dt L
where L q is the volume of liquid in the column at zero 
time and B is a constant.
The draining liquid can also be considered as
flowing through a series of capillaries (Miles, 1945), 
which leads to an expression
(Lq - L) - a .log(Lq - L) + b = c.t  ...... (9)
where a, b and c are constants; this expression fitted we 11 
with experimental results.
2.4. DYNAMIC FOAM COLUMNS
The capillary drainage model has been extended to 
describe a dynamic foam in steady state (Haas & Johnson, 
1967) , where there is continuous upward vertical flow of 
foam counter-current to downward liquid drainage. A simple 
mass balance was carried out, but with the assumption that 
there was no gradient of foam wetness up the foam column.
An expression for the average velocity, u, of liquid flowing 
in the capillaries was obtained from the Poiseuille equation 
for liquid flow in a pipe, corrected for the effective 
height of capillaries based on the volume fraction, e, of 
liquid in the foam:
u _ p g ( i  -  E) a 2  ( 1 0 )
32y
where 6 is the foam wall thickness, g is the gravitational 
acceleration factor, and p and y are the density and 
viscosity of the liquid respectively. The fractional 
volume of gas in the foam is (1 - e ) , so if the superficial 
gas velocity is Gs , then the upward velocity of bubbles will
be Gg/(1 - e) . The number of capillaries in a cross- 
section is proportional to £, so the nett area for liquid 
flow downwards, e , is given by
e = n (X - e) -■— ■■■- ...... ................... (11)
c 4
where n is the number of capillaries per unit cross-sectional 
area of the foam. From this, the nett liquid flow, per unit 
time, per unit cross-sectional area of the foam, L is
G . e
L u .e (downwards) -   (upwards) ..(12)
' (1 - e)
Since both £ and ec are volume fractions of liquid per unit
volume of foam, then it can be assumed that there is a direct
proportionality relation between them and
e = kec ..... ......... ............... ..... (13)
where k is a constant independent of Gg , L or the bubble 
diameter, d. Combining equations (10), (11), (12) and (13)
G . £ 2
l + — -  = -££•£—    (14)
(1 - e) 8nk2iry
By making a number of simplifying assumptions, such as the 
liquid density and viscosity being the same as for water 
and giving an arbitrary value of 1.5 to the constant k, an 
expression for foam density, e£, in terms of superficial 
gas velocity and bubble diameter, d, only, was derived from 
equation (14):
27.
-* Gssf = 3.2 x 10 x —   (15)
£ d 2
With such simplification, this sort of approach can apply 
only to a limited range of drainage conditions, and would 
not be valid for very short or very long drainage times.
With very long drainage times, bubble walls become very thin 
and surface viscosity effects predominate over hydrodynamic 
effects.
2.5. MORE RIGOROUS MODELS
The models considered so far have been simplified 
by assuming that foam drainage occurs by flow through channels 
of circular cross-section or between parallel plates. The 
resultant expressions then contained empirical constants 
and were applicable only to the drainage of wet foams, where 
the drainage was slow, due to the properties of the liquid, 
typical of foams generated for fire fighting.
It has long been acknowledged that there are two 
distinct regimes of foam structure (Ross, 1967). ”WetM foams 
contain spherical, thick-walled bubbles that drain relatively 
quickly (Jacobi et al, 1956; Ross, 1967, 1969; Haas &
Johnson, 1967; Lemlich, 1968). As drainage progresses, the 
bubble walls become very thin, and pressure-differences other 
than those resulting from hydrodynamic effects come in to 
play retarding the rate of drainage of intestitial liquid.
On considering such thin walled foam, de Vries (1972)
confirms that the bubble walls are under considerable 
tension, in response to which there must be a transfer 
of solute (the so-called Marangoni effect). The 
complexity of this regime is such that no model has been 
developed to describe the drainage behaviour which takes 
into account the interfacial forces, the solute transfer 
balancing these forces, and the resultant shear-stresses 
across the interface between the bubble wall and the 
intestitial liquid. These intestitial shear-stresses 
define the parameter known as ’’surface viscosity” which 
is a controlling factor in the flow of intestitial liquid. 
Even an apparently simple event like the coalescence of 
two bubbles has shown considerable complexity, when the 
mechanism of fluid exudation and the solute transfer involved 
in film thinning before eventual coalescence are considered 
(Lee & Hodgson, 1968; Thomas, 1969).
This second type of thin-walled foam is known as 
’’polyhedral foam” because the forces acting on the bubble 
walls cause distortion resulting in the bubble having a 
"polyhedral” shape. The distorted bubbles within the foam 
are stacked as regular dodecahedra (Plateau,1873), their 
faces being bounded by narrow capillaries in a random 
alignment (Leonard & Lemlich, 1965). The bubble surfaces 
become very sharply curved at their boundaries, which are 
known as ’’Plateau Borders", and in this type of foam most 
of the liquid content of the foam is held at the Plateau 
borders (de Vries, 1972).
The true cross-sectional geometry of the 
capillaries formed by the Plateau borders and their 
orientation have been taken into account in an approach 
to foam drainage otherwise similar to that of Haas & Johnson 
(1967), previously discussed (Leonard & Lemlich, 1965). An 
expression for the effective number of capillaries per unit 
cross-sectional area of a foam was obtained by calculating 
the probability of a capillary being intersected by a 
horizontal plane and integrating over all possible angles 
of orientation of capillaries. The probable number of 
capillaries in a horizontal cross-section was ^  Pc per unit 
cross-sectional area, where Pc is the total length of 
capillaries per unit length of vertical foam column. From 
geometric considerations,
Pc =  7.81 (1 - e)/d2     (16)
so that the probable number of capillaries per unit cross- 
sectional area of the foam is 3.9(1 - e)/d2 . The interstitial 
liquid flow was then calculated by numerical integration of 
the general differential equation for momentum conservation, 
for rectilinear Newtonian flow of liquid through a typical 
capillary; the walls were taken as mobile and the liquid 
subject to surface viscosity. Integration of the local 
velocities thus calculated yielded a complex expression for 
the nett rate of liquid upflow, which is the foamate 
production rate. Satisfactory agreement with the foamate 
production rate from dry surfactant foams was obtained with 
this expression. However, as has been mentioned earlier,
workers in the same school (Shih & Lemlich, 1971) found a 
considerable difference between the behaviour of detergent 
foams and those of biological surface-active materials, 
such as saponins and albumins.
2.6. INTERFACIAL BEHAVIOUR OF PROTEINS
Historically the limited number of experimental 
techniques available severely restricts the study of proteins 
at interfaces (Evans et al, 1969). Much work has been 
carried out using the Langmuir trough and Wilhemy plate 
apparatus. These are used to measure the surface pressure/ 
area characteristics of spread protein layers. Several 
extensive reviews which include reports on these studies 
are available (Bull, 1947; Rothen, 1947, 1956; Cheesman & 
Davies, 1954; Loeb, 1965).
Most work of this nature has been carried out on 
films spread on various substrates; it is accepted that 
molecules in a spread film behave differently from those 
arriving at interfaces as a result of adsorption from the 
bulk.
2.6.1. PROTEIN FILMS
Two distinct modes of behaviour are recognised, 
depending on the film concentration (James & Augenstein, 1966).
2.6.1.1. DILUTE FILMS
Defined as being less than a monolayer in thickness; 
in concentrations of less than 1 milligram/metre2 , and 
surface pressure less than 0.1 dyne/cm.
Almost without exception these films are made up of 
totally unfolded protein molecules and dilute films of 
interfacial enzymes are reported to have lost all catalytic 
activity (Rothen, 1947, 1956; Cheesman & Davies, 1954;
Frazer, 1957). Molar concentration would appear to be a 
more reasonable criterion,giving the same number of molecules 
(of different size) for a given concentration per unit area. 
However in practice, at concentrations of 1 mg./m2 the film 
is so dilute that even with fully extended (completely 
unfolded) molecules, the molecules will be too far apart to 
attract each other, even if the molecules are extremely 
large (Bull, 1947; Augenstein & Ray, 195 7a) .
2.6.1.2. CONCENTRATED FILMS
Occur at concentrations greater than 1 mg./m2 with 
surface pressure in excess of 0.5 dyne/cm. Concentrations 
in excess of a spread monolayer have been examined and it 
has been extensively reported that biological and enzymic 
activity may be retained (Augenstein & Ray, 1957a, 1957b; 
Augenstein et a l , 1958) partial unfolding of some of the 
molecules being intimated, by experimental evidence. The 
precise orientation of the molecules at the interface in
this case is in some dispute (Bateman & Chambers, 1941;
Bull, 1947; Cheesman & Schuller, 1954; Eley & Hedge, 1957;
Eley & Miller, 1960). It is widely accepted that the 
situation has not yet been satisfactorily explained (Loeb,
1965).
More recently, workers using an electron microscope
have shown that monolayers of the structional protein myosin
under relatively ’’well spread” conditions (1.9 mg/m2 , 1 dyn/cm)
o
contains arrays of filamentous aggregates 100-200A wide 
(Baier & Zobel, 1966). Infrared evidence has also been 
produced for both proteins and polypeptides to show that a- 
helical as well as extended-chain structures can exist at the 
air-water interface (Malcolm, 1966; Loeb & Baier, 1968;
Loeb, 1969).
Evans et al (1969) attempted to analyse the relation­
ship between the native structure of protein and its inter- 
facial configuration properties. By examining the results of 
their surface pressure-area experiments on 3 casein, BSA and 
lysozyme, they claim that the variation in characteristic 
behaviour of different proteins at the air-water interface 
would be related to differences in their tertiary structures.
2.6.1.3. ADSORBED FILMS ■ . '
In a foam fractionation unit adsorption in some form 
is the most likely mechanism to be taking place at the gas- 
liquid interface; most probably there is a significant 
difference between the properties of films formed by spreading
and interfaces which are able to adsorb molecules from a 
bulk solution (Loeb, 1965; James & Augenstein, 1966).
Eley & Hedge (1957) give a good description of the 
apparatus commonly used to study the mechanics of adsorption 
to an existing monolayer at the interface from the protein 
species placed in the subphase. Ghosh & Bull (1963) using 
BSA,report a less hydrophobic surface with adsorption 
than with spreading. In solutions of high ionic strength, 
near the isoelectric point electrical barriers are reported 
to be insignificant and therefore only surface pressure would 
appear to affect the nature and mechanical properties of 
the film formed (MacRitchie & Alexander, 1963a, 1963b).
Indeed in the isoelectric region classic diffusion theory 
has been fairly well substantiated in practice. (Ward & 
Tordai, 1946; MacRitchie & Alexander 1963a, 1963b). A 
diffusion equation of the form
r = -2.c.C.D-.tL1/2 ............ ........(17)
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was tested for several substances and typical times required 
to reach a film pressure of 0.1 dyn/cm were in good agreement 
with times calculated from the equation e.g. 0.003$ protein 
solution reached 0.1 dyn/cm in 7 secs. At larger pressures 
however, predicted times were much shorter than those 
measured experimentally. These findings were substantiated 
by Trurnit (1960) employing an ellipsometry technique with 
chymotrypsin solutions.
Calculations (MacRitchie & Alexander, 1963b), based 
on the assumption that for a molecule to penetrate the surface 
work must be done against the surface pressure to clear a
o
"hole11 for it, indicated that for BSA the area would be 135A2 .
Figures for native BSA assuming a prolate spheroid give 
o
1100A2 per molecule. These figures indicate that only a 
small part of the molecule must penetrate the film before 
unfolding begins. Generally it is believed that a protein 
which is adsorbed in the globular form may unfold due to 
the attraction of assymetric surface forces (Loeb, 1965).
On standing, adjacent molecules may link up to form a coagulum 
Studies on BSA & insulin indicate that insulin is more likely 
to behave in this way at an interface than BSA (Arnold &
Pak, 1961, 1962, 1968). Most adsorbed films, like the 
concentrated spread films should contain both unfolded and 
folded, essentially native, protein molecules. With the 
advancement of optical techniques it should be possible to 
examine infrared spectra to obtain much more detailed 
information on interface orientation of molecules (Loeb, 1965)
2.6.2. SCOPE OF PREVIOUS WORK
Considering the relatively more recent work only, 
the following enzymes have been the subject of air-water 
interface studies.
Enzyme Reference
acetylcholine esterase Serlin & Cotzias, 1957.
catalase Kaplan, 1952; Smith, 1954.
lyzozyme Hamaguchi, 1955, 1956; 
MacRitchie & Alexander 1963a, 
1963b;
James & Augenstein 1966.
pepsin Hayashi & Edison, 1950; 
Cheesman & Davies, 1954; 
Cumper, 1954;
Iishi & Kishimoto, 1955; 
Macovski et a l , 1957; 
MacRitchie, 1963;
Evans et al, 1969.
trypsin Augenstein & Ray, 1957a, 1957b. 
Augenstein et al, 1958.
Frazer & Schulman, 1957.
urease Smith, 1954.
Studies on other biological materials at the air water 
interface are as follows
Biological Material Reference
Bovine Serum Albumin
4
Tackibana & Inokuchi, 1953
Cheesman & Davies, 1954
Eley & Hedge, 1957
Serlin & Cotzas, 1957
Arnold & Pak, 1968
Eley & Miller, 1960
Ghosh & Bull, 1963a, 1963b
MacRitchie, 1963
MacRitchie & Alexander, 1963a,
1963b.
3 Casein Evans et al, 1969.
y globulin MacRitchie & Alexander, 1963b.
Human Serum Albumin MacRitchie & Alexander, 1963b.
Insulin Eley & Hedge, 1957 
Eley & Miller, 1960.
Muscle protein MacRitchie & Alexander, 
Baier & Zobel, 1966.
1963b
Lipids & Proteolipids Eley & Hedge, 1957 
Eley & Miller, 1960.
Ovalbumin Cheeseman & Davies, 1954 •
2.6.3. BOVINE SERUM ALBUMIN
Bovine serum albumin (BSA) has been used in this work. 
It is widely utilised as a standard biological material which 
has been subject to examination from a number of standpoints 
e.g. from the effect of bombardment with deuterons (Hutchinson 
& Mosburg, 1954) to studies of the change in protein properties
with pH (Putnam, 1964). It has been regarded as a "standard” 
protein and has been used, not least, in the study of the 
many facets of protein structure at the air-water interface 
(see previous table) .
However, more detailed examination reveals that most 
commercially available grades of BSA contain small amounts of 
fatty acid (1 or 2 moles/mole) (Goodman, 1957). This is to 
be expected as its natural function is that of a carrier.
It would therefore appear that most investigations 
have been carried out with protein still containing one or 
two equivalents of fatty acid (Steinhardt & Reynolds, 1969). 
Removal of these residues with acid under harsh conditions 
(Goodman, 1958) with subsequent utilisation as undamaged 
protein evidences the remarkable elasticity of the protein. 
More recently Chen (1967) has described a method using very 
mild conditions together with activated charcoal to produce 
fatty acid free BSA with properties more nearly like the 
original material in every respect.
Convincing evidence has been given to show that both 
BSA and HSA are microheterogeneous i.e. "composed of a 
mixture of components which are not spontaneously and rapidly 
interconvertible and which are separable on the basis of their 
varying degrees of susceptibility to partial unfolding by acid" 
(Sogami & Foster, 1968; Wong & Foster, 1968; Peterson et al. , 
1965; Peterson & Foster, 1965).
According to Sogami & Foster (1968) , BSA owes much
of its remarkable stability to the avid retention of these
fatty acids; Chen’s treatment described above probably 
replaces the fatty acid with high affinity radicals and this 
has no strong effect on the molecular structure and stability
of the BSA itself. During the present study routine checks
were carried out on the commercially obtained BSA in use; very 
high reproducibility was recorded for foaming experiments.
Only one batch was found to give anomalous results and this 
was ascribed to the presence of a higher than usual fatty acid 
content.
3. THEORETICAL APPROACH
■5.1. INTRODUCTION
Froth flotation is an extremely complex unit 
operation, the process control of which is still largely 
based on know-how of an empirical nature, obtained from 
traditional practice; the mechanics of the process are 
not well understood.
For example, solute adsorption from the 
continuous liquid phase to the surface of moving bubbles 
has been the subject of extremely complex theoretical 
treatment (Derjaguin & Dukhin, 1960); such treatments 
have been of little help, to date, in the progression to­
wards a fundamental understanding of the process. Also no 
argument has been advanced to explain the changes which 
take place, say in terms of bubble behaviour, at the gas- 
liquid interface where an abrupt transformation from the 
"liquid phase" to the "foam phase" occurs.
This same lack of understanding applies to foam 
separation and in this technique there is the additional 
complication due to the presence of a large foam column 
above the liquid pool. However the behaviour of foam 
and foam columns in general has been the subject of much 
investigation (Section 2); more recently work has also 
been presented on the role of the foam column in the 
attainment of solute separation.
3.2. MODE OF SOLUTE ENRICHMENT IN FOAM SEPARATION
Foam separation achieves its effect by the 
creation of a large gas-liquid interfacial area in the 
form of gas bubbles in the liquid. The liquid around 
the bubbles becomes enriched in the surface-active 
species (the "solute"), with respect to the bulk 
solution and this enriched liquid is carried with the 
bubbles as they rise through the solution to form a 
foam at the top of the liquid. The foam consists of 
bubbles, carrying enriched layers of solute (the"surface 
excess") at their walls, together with entrained bulk 
liquid in the intestitial spaces between the bubbles.
If a foam column of any significant height is allowed to 
form then drainage of some of the entrained liquid back 
into the liquid pool will take place. The foam collected 
at the head of the column, will, when allowed to collapse 
give a solution further enriched in solute.
The extent of enrichment will depend on the 
"surface excess" and the quantity of more dilute entrained 
liquid present on collection.
The possibility of obtaining a reliable value for 
surface excess from theoretical consideration, particularly 
with regard to protein solutions is discussed in Section
3.3. and 3.6.
Regarding bulk liquid entrainment, the "foam
models” presented by previous workers are reviewed in 
Section 2.5. and again, their potential application to 
protein solutions is considered.
Both these approaches are neccessary since this 
work is aimed at providing a method of predicting the 
extent of enrichment attained.
3.5. THE SURFACE EXCESS
Positive adsorption at a surface arises because 
a surface active molecule can assume at the surface an 
orientation more stable than when it is completely 
surrounded by liquid in the bulk solution. The 
concentrated layer so formed by surface active substances 
at a surface is called the surface excess.
3.5.1. GIBBS ADSORPTION EQUATION
A well known, thermodynamically derived equation 
due to Gibbs (1948) enables a value to be obtained for 
the surface excess due to adsorption, under equilibrium 
conditions
n
dy = -RT E r ± d (In a^)    (18)
i
for a two-component solution consisting of the solvent 
and only one solute, this expression on rearranging 
becomes
42.
r = _ 1_ . dy_ -----.......---------- (19)
RT d(lnC)
The change in surface excess with solute 
concentration of the bulk solution is illustrated in 
Figure 3., surface excess rises with increasing bulk 
concentration to a limiting constant value. At very low 
concentrations, the surface excess will be directly 
proportional to solute concentration in the bulk; at the 
limiting value of surface excess a saturated monolayer 
can be considered to be formed, and surface concentration
may be assumed to be a constant value independent of
further increase in bulk concentration.
3.3.2. APPLICABILITY OF GIBBS EQUATION
3.3.2.1. STATIC INTERFACES
Gibbs1' equation only applies to a system which is 
at equilibrium. Considering the simplest case of a 
static gas-liquid interface above a pool of stagnant 
liquid, the rate of adsorption to the interface and thus 
the time taken for equilibrium to be attained, depends on:
(i) the bulk concentration of the solute in
the pool
'(ii) the nature of the solute molecules
(important properties being molecular 
size and magnitude of attractive forces, 
whatever their nature).
Experimental evidence, both relevant to the present 
study and providing a good illustration of the above 
behaviour has been cited in Section 2. Equation (17) which 
predicts that the rate of adsorption depends on solute bulk 
concentration has been found to hold for very dilute 
solutions where diffusion times of about 7 seconds are 
recorded (MacRitchie & Alexander, 1963)
r = 2C(Dt)'     (17)
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However, the equation does not take molecular 
attractive forces into account and surface excess 
formation times much shorter than those measured 
experimentally were predicted by it for more concentrated 
solutions, implying that transfer of molecules from the 
bulk to the interface is impeded by the presence of other 
molecules (Trurnit, 1960).
In contrast Evans et al. (1969) report that the 
time taken for a steady constant surface excess value to be 
reached can be very long for some biological materials.
Therefore even for a static pool equilibrium 
conditions may not prevail in which case Gibbs’ Equation
would not apply.
3.3.2.2. DYNAMIC INTERFACES
There is no evidence available regarding the 
attainment of equilibrium at dynamic interfaces of the 
type occurring in foam separation processes. However 
when the bubbles moving through the liquid bulk are 
small and have rigid surfaces, then a turbulent "wake" 
trails such bubbles thus introducing an unsteady state 
element into the mass transfer mechanism (Valentin, 1967) .
However, since foam separation involves particularly 
complicated physico-chemical phenomena, assumptions have to 
be made in order to approximate solutions to the problem.
3.4. APPLICABILITY OF GIBES EQUATION TO BIOLOGICAL SOLUTIONS
The dilute type of spread protein film (Section 
2.6.1.1) might be expected to follow Gibbs Equation, with 
each molecule in the film being completely unfolded (under 
these conditions all biological activity would be lost).
For adsorbed films however the bulk solution would 
need to be so dilute that formation of a monolayer would 
essentially deplete the bulk solution of all protein 
molecules. It seems that given adequate time for adsorption, 
enough molecules unfold in the surface to set up a film 
pressure sufficient to prevent the unfolding of additional
molecules which reach the surface. Thus, except at very 
low protein concentrations, or after very short times 
allowed for adsorption, the adsorbed films should not have 
the same structure and composition as the dilute type of 
spread films. Adsorbed films should therefore contain 
both unfolded and folded, essentially native protein 
molecules (James & Augenstein, 1966).
As discussed in Section 2.6.1.3. the value obtained 
for surface excess of more concentrated solutions will be 
greatly influenced by intra-molecular attractive forces 
(Ward & Tordai, 1946; MacRitchie & Alexander, 1963a, 1963b). 
Similar observations made by Trurnit (1960) evidence the 
fact that Gibbs1 Equation cannot be applied to more 
concentrated protein solutions.
3.5. FOAM MODELS
/
Newson (1966) has studied foam separation in the 
continuous mode, considering the quantity of solute 
removed from the bulk liquid to be the performance criterion.
In order to derive a model for the process it was 
assumed that Gibbs’ Equation could be applied: the foamate 
concentration measured was taken to be the surface excess 
concentration which would be obtained by substituting the 
bulk liquid concentration (constant for the continuous mode) 
into the Gibbs’ Equation.
This was said to be the case provided thatMthe 
equivalent foam column height to a single equilibrium 
stage” was used. This means that the foam column 
height must be such that the foam consisted entirely
of substance having the surface excess concentration
/
i.e. it includes the intrinsic assumption that no 
entrained liquid was carried over in the foam.
Given that the measured quantities in the 
experimental work would normally be the feed rate and 
concentration and the residual liquid flow rate and 
concentration then providing the actual entrainment 
in the foam was not excessive then the assumptions 
made could be reasonably justified.
A model for the continuous fractionation in 
the simple mode of a solution containing a single 
surface active species has been derived as follows, 
using in addition only a simple mass balance procedure:
For a feed to the process of concentration CQ
and volume feed-rate V ,  foamate concentration C,. ando 7 f
volume production rate V^, and residual product 
concentration and volume production rate V , the mass
where A g is the specific surface (surface area per 
unit volume) of the foam and rr is the surface excess 
in equilibrium with the bulk solution.
Equation (20) and (21) express the
conservation of liquid volume and solute mass, and 
equation (22) follows assumptions made in setting up 
the model . The equations can be combined to give the 
solute enrichment, E:
and gas flow rates, using sodium dodecylbenzene 
sulphonate (NaDBS) as the surface-active solute, gave 
results in good agreement with predictions from the above 
equation. As a check on the assumptions made, the value 
of T the surface excess calculated from Equation (23) 
were found to be in good agreement with values calculated 
from surface tension measurement and the Gibbs Equation. 
However the experimental programme covered only a narrow 
carefully selected concentration range of very dilute 
solutions. For a less restricted operating range (Kown 
& Wang, 1971) it has been reported that for a given bulk 
liquid concentration it was extremely difficult to obtain 
a constant value of surface excess by arranging for the 
foam column height to be "equivalent to a single 
equilibrium stage" (see overleaf).
E 1 +
Experiments with different solution feed-rates
Lemlich (1968) presented a similar model to that 
of Newson, but with the specific surface of the foam 
expressed in terms of bubble diameter. For spherical 
bubbles, the surface area in the foam per unit volume 
of gas (as opposed to foam) is 6/d: where the simple 
foam fractionation system has been used to obtain values 
for the surface excess, then
(C£ - Crj .V£ .d  (24)
1 r ”
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With this extension of N e w s o n Ts work by Lemlich 
comes the strong inference that a circular argument 
has been completed: following the .definition of an 
equilibrium stage, the value for surface excess, was 
fixed and from the resulting model equation (23) was set 
up, which includes r to describe the enrichment achieved 
However, on re-arrangement and application to the simple 
mode this equation has been used, not to study the 
process but to obtain a value for r. Further, Lemlich 
obtained different values for surface excess depending 
on the conditions employed, including various foam 
heights.
The so called surface excess obtained actually 
depended on the time allowed for the liquid entrained 
in the foam to drain back down the foam column, into 
the liquid pool.
In order to explain the difficulties encountered
in maintaining a foam column height equivalent to a 
single equilibrium stage Kown & Wang (1971) have 
presented an "Ideal Foam" model, and in doing so have 
given an excellent explanation of the limited 
applicability of Newsonsf model, particularly when 
enrichment of the foamate is the performance criterion.
Wood & Tran have also attempted to explain the 
discrepancies in their results in terms of difficulty 
in maintaining a foam columftheight equivalent to equilibrium 
stage. These explanations are given in Section
3.6.
Ideal foam is defined as foam in which:
(a) all the bubbles are spherical;
(b) the liquid from which the foam originates
is completely mixed;
(c) the liquid entrained in the foam, between
the bubbles, has the same composition as
the bulk liquid from which the foam 
originated ;
(d) the bubbles have walls of composition of
the surface excess, as calculated from the
Gibbs equation, for a surface in 
equilibrium with the intestitial liquid of 
composition specified by assumption(c) ;
(e) the solutions are dilute.
A column of ideal foam can be considered as a 
stack of thin-walled hollow spheres, with the 
interstices between them containing the solution from 
which they were formed; the composition of the sphere 
walls is that of the surface excess in equilibrium 
with the interstitial liquid.
When an ideal foam collapses, the resultant 
liquid has a volume taken to be that of the interstitial 
liquid, as the volume of the walls is negligible; the 
concentration of the foamate is due to both the surface 
excess layers and the interstitial liquid.
This model is the basis of the empirical model 
which is developed in Section 4.
3.6. TREATMENT OF AN IONIC SURFACTANT AS TWO SPECIES
The model for fractionation of a single solute has 
been extended to consider the continuous removal of a 
cationic surfactant in terms of the two ions as separate 
species (Wood & Tran, 1966). The surfactant involved was 
ethylhexadecyldimethylammonium bromide (EHDABr), 
considered as EHDA+ and Br . From the Gibbs equation
dy = “R *T (rEHDA+,d ln aEHDA+ + rBr“ *d ln aBr"^ ••C25) 
where T and a refer to the surface excesses and 
activities respectively of the species subscripted. For 
dilute solutions, and to preserve electrical neutrality,
aEHDA+ = aBr' ' CEHDABr ............... (26)
where Ct,.—..,, is the total concentration of surfactant EHDABr
thus rEHDA+ rBr" FEHDABr ............... (27)
and rEHDABr " t b  T T T ^ r  ’  (28')d In CEHDABr
Following the same mass-balance procedure as in Section
3.5.
C.p - C =  — . — -— . --- ^ --- ....(29)
1 r RTd V* d In C.r r
C - C  --- — . — -— . --- ^ ___  (30)o r RTd V 0 d In Cr
- C = --- — . G -V r .  i)L—   (31)
1 0 RTd V f .V„ d Int o  r
and for a given gas flow-rate,
V £ ( C f  - Cr) = V 0 (C0 - Cr ) = Vf -  (C£ - C0).(32)
r
Qualified success was obtained in correlating 
these expressions with experimental data, and the 
limitations of the ideal foam model were inferred from 
the discrepancies. The value of the surface excess 
predicted by the above expressions was distinctly less 
than experimental values determined by other means for 
the wet foams obtained with high gas flow-rates. The
inference was that the concentration of surfactant in 
the interstitial entrained liquid was lower than that 
. of the bulk liquid. This effect is possible if the . 
surface excess is incomplete as bubbles accumulate to 
form the foam: completion of the enriched layer could 
then occur at the expense of the entrained liquid, 
thus reducing its concentration. It is thought unlikely 
that such an effect would occur with macromolecular 
surfactants (Kanner & Glass, 1969). With low gas flow- 
rates, high values of surface excess were obtained: this 
was explained, more convincingly, as the effects of the 
coalescence of low-stability foam. The liquid released 
from the foam coalescence would flow back down the foam 
column, acting as an internal reflux stream, which would 
be expected to enhance enrichment beyond that predicted 
for a single equilibrium stage.
3.7. MULTI-SOLUTE MODELS
Separation of non-surface-active ions has been 
achieved by formation of complexes with an ionic surfactant 
as collector/foaming agent. This technique has been 
particularly useful for the removal of metal ions, but most 
of the work reported has been of feasibility studies with­
out a theoretical basis. However, the ideal foam model, 
in the form applicable to polyhedral foams (Rubin, 1963) 
has been used to determine the separation factor, r/C, 
from the enrichment of metal-nitro complexes of mercury**
using EHDABr as collector (Miller & Sullivan, 1971) .
Foam fractionation with total recycle and with a constant 
foam column height was carried out with different 
concentrations of nitrate ions in the bulk solution. The 
separation factor was given by
C = CE - 1) . 6“ 59 £  -(33)
and was reported as being analogous to the volume 
distribution factor in an ion-exchange column. The gas- 
liquid interface was considered as a mobile, two- 
dimensional ion-exchange medium where exchange could take 
place between, in this case, the nitrate ions and the 
metal nitro-complex, the positive charge centres resulting 
from the cationic surfactant adsorbed at the gas-liquid 
interface. The theoretical model was worked out using the 
appropriate equations and constants for ionic equilibrium 
(Karger & Miller, 1969), and the expression for the 
separation factor, T/C was found to agree qualitatively ' 
with values obtained for metal chloro-complexes in 
solutions rich in chloride ions, using EHDABr as the 
cationic collector. In the same way, EHDABr was 
considered as a collector for removal of nitrate and 
iodide ions by foaming their insoluble complexes: 
experiments with different foam colum heights showed that 
no further adsorption or exchange occurred as the liquid 
drained from the foam.
No theoretical approach has apparently been 
developed specifically applicable to the foam separation 
of particulate material.
3.8. DISCUSSION OF THEORETICAL CONSIDERATIONS
Experimental verification of the theoretical 
treatments outlined above has been carried out with 
surfactants of the synthetic detergent type. The efficacy 
of separation of a foam fractionation process depends in 
the first instance on the behaviour of the surface-active 
solute at the gas-liquid interface. Since it has been 
shown that synthetic polymers behave very differently at 
surfaces from ionic surfactants (Kanner & Glass, 1969), 
it may therefore be concluded that biological macromolecules 
will also show different surface behaviour from ionic 
surfactants.
The further enrichment occurring in the foam depends 
on the regime of foam structure, which in turn is 
determined by the operating conditions in the foaming process. 
In general, wet foam with spherical bubbles is formed with 
high superficial gas velocities and at low levels in the 
foam column, even with inherently fast-draining foams; dry 
polyhedral foam results from low gas velocities and in high 
foam columns.
Increased enrichment is obtained in operating 
modes involving reflux of foamate; the appropriate 
equilibrium conditions for surface excess formation 
are presumably those in the region where the surface 
excess is proportional to solution concentration 
(Figure 3.), with dilute solutions where the surface 
monolayer is incomplete (Lemlich, 1968). In an 
enriching or stripping column (Figures 4,5,6.), there 
will be solute transfer between the foam surfaces and 
the downflowing liquid occurring continuously. The 
validity of this picture has, however, been challenged 
(Goldberg & Rubin, 1972); insofar as the model is valid, 
then the concept of equating a certain height of foam 
column to a single equilibrium stage is relevant - 
although this has also been questioned (Jashani & 
Lemlich, 1973) - when the enrichment achieved is a 
function of the height of the foam column.
The alternative concept (Goldberg & Rubin, 1972) 
is that solute transfer in the enriching or stripping 
modes is concentrated at the base of the foam column 
adjacent to the pool of bulk solution and at the feed 
entry position (Figures 4,5,6.), so that the length of 
the intermediary column has no effect on the separation 
efficacy of the system.
In assessing the applicability of the above 
concepts to the separation of biological surface- 
active materials, it is significant that even the most 
realistic model of foam drainage so far developed for 
polyhedral foam (Leonard & Lemlich, 1965), could be 
fitted to the behaviour of "dry” foams of saponin and 
BSA only when quite untypical values of surface 
viscosity were used (Shih & Lemlich, 1967).
4. A PROPOSED MODEL FOR FOAM SEPARATION OF
PROTEIN SOLUTION
The model proposed here is based on the Ideal 
Foam model introduced in Section 3.5.
Following this model a column of foam can be 
considered as a stack of thin-walled hollow spheres, 
with the interstitial spaces between them filled with 
entrained liquid from the bulk solution in which the 
foam was originally formed. The spheres may be 
considered to have rigid (immobile) walls with the 
interstitial liquid draining from between them under the 
influence of hydrodynamic forces.
Protein solutions are noted for the stability of 
the foams that may be generated from them. 
Characteristically, such foams are "wet", i.e. they 
consist of small spherical bubbles with the interstitial 
spaces filled with liquid. According to Kanner & Glass 
(1969), provided the bulk liquid concentration is high 
enough for a complete monolayer of protein to form as 
the surface excess of protein at the interface, such an 
interface will be rigid. Therefore the bubble walls will 
also be rigid.
The Ideal Foam model is therefore valid for 
protein foams. There will be certain conditions under 
which the model will not apply:-
(i) After prolonged drainage foam becomes 
"dry” , the interstitial spaces through 
which drainage can take place becomes 
restricted. As described in Section
2.5. surface forces then come into play 
affecting further drainage and also the 
bubble surface. The bubble walls become 
distorted under such conditions giving 
rise to ’’polyhedral foam’’. The Ideal 
Foam model is no longer valid for 
polyhedral foam.
(ii) If the bulk solution is dilute, the mono­
layer at an interface will be incomplete 
and therefore the bubble walls will not 
be strong and rigid. Coalescence of 
bubbles takes place within the foam 
column and this is not taken into account 
in the Ideal Foam model.
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Instead of attempting to analyse a cross- 
section of a foam column, the development of the Ideal 
Foam model may be simplified by dealing in terms of a 
single bubble. An average bubble diameter 
representative of the bubbles in the foam is taken.
Then following the model described in Section 3.5. 
each bubble may be considered to consist of a hollow 
sphere the walls of which are made up of protein (the 
surface excess, g/m2) , and each bubble has associated 
with it a volume of entrained liquid of the same 
concentration as the bulk liquid.
When an ideal foam collapses the resultant liquid 
has a volume taken to be that of the interstitial 
liquid, as the volume of the sphere walls is negligible; 
the concentration of the foamate is due to both the 
surface excess layers and the interstitial liquid.
Suppose the average sphere diameter is ’ d* (m) 
and the surface excess is r(g/m2), whilst the volume 
of liquid associated with each bubble at some height 
in the foam column is V^(m3) and the bulk liquid 
concentration is C(g/m3); the foamate from a number 
of such bubbles will then have a concentration C£ given
by
?T.d2r + VK .C (g/m3)  .............(34)
The resulting enrichment ratio E (dimensionless) 
is then,
E = C£/C
Equation (35) contains three unknowns, d,r,V^; 
the only way in which the model can be developed further 
is by a semi-empirical approach.
4.1. BUBBLE DIAMETER, d.
The bubble diameter cannot, at the present time, 
be predicted from a knowledge of all the other operating 
parameters.
A photographic technique has been used to obtain 
experimental values for d, with reasonable accuracy and 
reproducibility, as described in Section 5.5.
4.2. SURFACE EXCESS OF PROTEIN SOLUTIONS
As discussed in Section 3.3. apart from very 
dilute solutions Gibbs equation cannot be used to 
predict the surface excess of biological materials 
under foam separation conditions and there is no other 
theoretical basis for obtaining this value.
= 1 + 7r.d?r
Vc
(35)
However if the concentration of the bulk 
solution is sufficiently large a complete monolayer 
will be formed at the surface, resulting in a 
constant value of surface excess, independent of any 
further increase in bulk solution concentration 
(Figure 3.)
The Gibbs equation may apply sufficiently 
well for dilute solutions of BSA and a static inter­
face in order for surface tension measurements to give 
the bulk concentration at which a complete monolayer 
will be formed. Such experiments, carried out on BSA 
solutions at pH 4.6 (TABLE 72), shows that a constant 
value for surface excess may be taken when the bulk 
concentration is in excess of 50 g / m 3, because dy/dC = 0 
above this concentration. The bulk liquid concentrations 
considered in this work were always in excess of 50g/m3.
The actual value of surface excess must be obtained 
experimentally. Unfortunately the experimental technique 
(the "roller technique") available, though not difficult 
in principle, requires an expertise acquired only after 
considerable practice before reproducible results can 
be obtained (Loeb, 1965; MacRitchie & Alexander, 1963a; 
1963b).
However so much information regarding the 
interfacial behaviour of BSA is available in the 
literature (Loeb, 1965; MacRitchie & Alexander, 1963a,
1963b; Neurath, 1964; James & Augenstein, 1966; 
Steinhardt & Reynolds, 1969) that it was decided 
to use this information to evaluate the surface 
excess of BSA rather than attempt to master the art 
of the experimental technique available.
Assuming the presence of a complete monolayer 
at the surface, the surface excess may be evaluated 
from a knowledge of the molecular size at the 
interface under the prevailing conditions and its 
molecular weight. Using the appropriate available 
values (MacRitchie & Alexander, 1963a; 1963b) a 
value for the surface excess has been obtained as 
shown in Appendix 1.
4.3. ENTRAINMENT
Given that values may be available for bubble 
diameter and surface excess, only the amount of liquid 
associated with each bubble (V^) needs to be evaluated 
in order that the enrichment ratio may be calculated 
for any given set of operating conditions. There is no 
theoretical basis for predicting this volume of 
entrained liquid, therefore a semi-empirical method 
has been used to give the extent of entrainment under 
different sets of operating conditions.
An experimental programme was set up whereby
/
the volume rate of foamate production has been 
measured under different sets of operating conditions. 
By varying only one controllable parameter at a time 
for subsequent experiments it has been possible to 
quantify the effect of each parameter on the volume 
rate of foamate production.
If the rate of bubble production is also known 
then the volume of entrained liquid associated with 
each bubble can be calculated.
The method of calculation is illustrated in 
Section 7.1. and the equation for enrichment has been 
further developed in Section (9) using the 
experimental data available from the Complete 
Experimental Programme.
5. APPARATUS & EXPERIMENTAL PROCEDURE
5.1. CHOICE OF MODE
The ways in which a foaming cell may be operated 
were presented fully in the Introduction. Here the 
various methods could be conveniently sub-divided as
(a) simple batch;
(b) variations of simple continuous;
(c) continuous modes with reflux.
It is intended that the present study will form the 
basis for the design of a foam separation system for the 
recovery of enzymes from say, microbial sources.
Primarily the operating parameters affecting the efficacy 
of separation of any solute need to be defined and the 
extent of their influence quantified. The nature of the 
process with a number of operating variables involved and
the unknown behaviour of the solute under investigation
indicate that a large number of experiments will need to be 
carried out; if meaningful results are to be obtained an 
area of investigation must be specified and the control and 
operation of the system will need to be as uncomplicated 
as possible.
The. simple batch- mode has been chosen, being the 
simplest in terms of operation; the other modes were dis­
carded at this stage and the following reason may be given
further justification of this:-
1. Very little work has been done at all on the 
foam separation of biological materials. The 
indications are however that added difficulties may 
be encountered, since they may not behave in the 
same way as surfactant solutions on which most work 
has been done. Shih & Lemlich (1971) have shown 
that BSA and saponins behave quite differently from 
surfactants and do not conform to empirical 
relationships applying to the latter.
2. Considering all the work done on foam separation 
the majority of workers have used the simple batch 
mode and most experience of foam separation has been 
built up using this system.
3. Though there is some expertise available regarding 
the operation of continuous systems, mainly using 
surfactant as solute, even here many problems might be 
encountered, e.g. several workers have reported that 
continuous systems can take some time before steady 
state is reached. Periods of between 1 and 2 hours 
have been reported as the time taken for a system to 
reach steady state (Rubin, 1963).
4. The use of foamate reflux would increase residence 
time, particularly in the foam column. This may be 
undesirable with certain proteins and might lead to 
denaturation.
5.1.1. ALTERNATIVE METHODS OF BUBBLE GENERATION
5.1.1.1. MECHANICAL AGITATORS
Bubbles could have been generated in this type of 
foaming cell by the use of various mechanical agitators, 
spargers or spinerrettes being two of the names applied to 
bubble generation by agitation. The bubbles generated in 
this way are sometimes augmented by the introduction of 
gas to the turbulent region by passing the gas through a 
hollow agitator shaft.
There are two objections to the use of this method 
in the foam fractionation of proteins
(i) They are reported to give rise to very wet
foam (Lemlich, 1972).
(ii) Many workers have reported that the liquid
adjacent to the agitator tip is subjected to 
very high rates of shear(Valentin 1967)
This would be the potential cause of protein 
denaturation.
5.1.1.2. EVACUATION OF GAS AT REDUCED PRESSURES
The vacuum process of bubble generation depends on the 
precipitation of dissolved gases by evacuation at reduced 
pressures. In a truly adsorptive process, the great
difficulty in using the vacuum process is the small volume 
of air that can be dissolved in water. At 0.1 atmospheres 
the volume of gas precipitated from 1 litre of well aerated 
water cannot exceed 180 mis. Gas/liquid ratios in this 
region would give very low recovery rates in a conventional 
foam fractionation unit.
The applicability of this process appears to be due 
to the fact that the loci for gas precipitation are specific 
and are associated with solid or droplet surfaces. Therefore 
it has found use in the biological field as a continuous 
process'in the removal of sparingly soluble, suspended 
matter from effluent. Rosen (1971) reports successful 
application in the removal of chicken fat from an effluent 
leaving a poultry preparation factory, the BOD was considerably 
lowered.
5.2. DESCRIPTION OF APPARATUS
Each foaming cell used in this work consisted of a 
glass cylinder, mounted vertically and fitted with a 
sintered glass plate at the bottom. Below the plate was a 
gas entry port, so that the sintered plate acted as a 
distributor, evening out the gas flow over the cross 
sectional area of the cylinder. The cell above the plate 
was filled with a measured volume of standard protein 
solution; bubbles were generated by forcing gas through the 
sintered glass distributor and rose to the top of the liquid 
to form a foam. The foam was allowed to build up to a
desired height, the foam column being supported by a 
sliding p.t.f.e. sleeve adjusted to the desired height 
(Figure 2).
Manufactureis'"medium" grade 3 pore size sinter 
plates were used throughout.
Foam bubble diameter checks were carried out 
periodically using the photographic technique described 
in Section 5.5. Cells of four different diameters were 
used to investigate the effects of cell diameter on the 
process.
Nitrogen gas was used for foam generation: an
/
inert gas,as opposed to air or carbon dioxide, has been 
found to reduce the risk of protein damage (Schnepf & 
Gaden, 1959). The gas was supplied to the cell from a 
pressure cylinder, through a reducing valve, buffer 
vessel, moisture saturator, bubble flowmeter and rotameter 
flowmeter. Oxygen-free nitrogen was used throughout.
Blinding of the sintered glass distributor was 
obviated by cleaning the cell with chromic acid after each 
experimental run: in addition, regular checks of pore-size 
consistency in the sinter were made by measuring the 
volumetric liquid flow rate through the sinter under a 
constant hydrostatic head.
Bovine serum albumin (BSA), Cohn Fraction V, was 
used throughout this work, since it is relatively cheap and
tI
Figure z. roaming
Rotating
knife
sliding p. 
sleeve
Bulk Liquid
0
Sintered glass 
plate
Shut-off valve
Gas Entry Port
*
Fi
gu
re
 
3.
 
Ch
an
ge
 
in 
su
rf
ac
e 
ex
ce
ss
 
wi
th
 
so
li
d 
c
o
n
c
e
n
t
r
a
t
i
o
n
.
<J 
c
o
• mmmm
•*->
co
+-»c
<D
Oc
oo
D
0 0
Figure 4. Simple Batch Mode of Operation.
FOAMATE
FOAM
□
GAS
Figure 5. Continuous mode of operation.
FOAMATE
FEED
GAS
FOA
BOTTOMS
SV
9 
SV
0 
SV
0
CD
3
2
(A
m
O
o ° — \ / \ /
° o ° / \ *J|  ^ /Sr‘ 1 ^© Q  /\/o o C N/ X ) > \ y\
^ y/V \
o ° —( \ \_/ / N—
O>
£
$
m
m
m
m
r~
m
m
m
m
Figure 
6
. 
C
o
n
t
i
n
u
o
u
s
 
inodes 
of 
o
p
e
r
a
t
i
o
n
 
with 
r
e
f
l
u
x
.
Fi
gu
re
 
7.
 
Fo
am
 
fr
ac
ti
on
at
io
n 
eq
ui
pm
en
t 
- 
ov
er
al
l 
vi
ew
.
readily available, readily soluble and is generally 
considered to be sufficiently consistent in its 
properties to give good experimental reproduceability.
The BSA was obtained from Koch-Light Laboratories Ltd., 
who, it is understood, have a number of sub-suppliers: 
each new batch was checked for consistency by repeating 
one of the earlier experimental runs. In nearly all 
cases, foaming behaviour was found to be the same, in 
spite of the reputed microheterogeneity of BSA within 
individual batches (Section 2.6.3.) Inconsistency was 
encountered on only one occasion, in fact, with a batch 
that gave solutions of low foamability. After some 
investigation, the likely cause was thought to be an 
unusually high fat content in that batch.
5.3. EXPERIMENTAL PROCEDURE
BSA solutions for experimentation in the foaming 
cell were made up by a standard procedure:
The required weight of BSA was measured out using 
an Oertling R41 Balance having an accuracy of + 1  mg., and 
then taken up in a small quantity of distilled water. The 
necessary total volume was made up with freshly prepared 
0.1M citrate buffer. The buffer solution for each pH was 
made up according to a standard recipe.
The BSA solution was allowed to "condition” for 15 minutes 
by slow stirring (about 50 rpm) with a laboratory magnetic 
stirrer. No significant variation in foaming behaviour
was found with variation of the conditioning time.
Nitrogen gas was then bubbled through the sinter 
at a constant rate. The gas rate was controlled by means 
of a sensitive reducing valve on the rotameter but 
constant checks of gas rate using a bubble meter in the 
gas supply line were neccessary due to the change in the 
hydrostatic head in the foaming cell during the experiment. 
The gas rates employed were just above the minimum gas 
rate neccessary to generate foam, as determined in the 
preliminary experimental programme.
With the continued flow of gas a foam column was 
established; foam was removed from the top of the foam 
column by the use of a mechanical scraper and allowed to 
collapse in a collection vessel to give the foamate.
Due to the removal of foamate in this way the level 
of bulk liquid in the cell diminished with time. Most 
experiments were carried out at constant foam height and 
it was necessary to adjust the p.t.f.e. sleeve downwards 
to allow for the drop in liquid height in order to 
maintain a constant foam height.
Since the foamate concentration varies with time 
in a batch mode, the foamate collection vessel was 
changed after a predetermined short period of time so that 
a protein assay on a sample of the collection vessel 
contents could be taken as a representative average
concentration over this period of time. The volume of 
liquid collected was also measured so that the volume 
rate of foamate production could also be obtained. 
Comparison of the different volume rates obtained gave 
the rate of change of foamate production with time.
Protein assays were carried out on each foamate 
sample, on the residual bulk liquid left at the end 
of the experiment and a check assay was also carried out 
on a sample of the original bulk solution. During 
early experiments a liquid bulk sample was taken for 
assay each time the foamate collection vessel was 
changed; however it was found by experience that since 
the mass balance checks carried out (Section 5.4.) 
corresponded so well with these assays, the number of 
bulk liquid samples taken could be relaxed. It was 
found that operation of the foam separation unit 
became more manageable when this was done.
In the first phase of this work each batch 
experiment was allowed to proceed until the rate of 
foam production was very low. Later a more systematic 
approach was adopted and a bulk concentration range 
of about 300g/m3 was covered during each run; this 
usually took between one and two hours depending on 
process conditions.
All the protein assays were carried out using 
the method of Lowry et al, (1951) as described in
Appendix 2 .
5.4. RESULTS OBTAINABLE FROM A SINGLE EXPERIMENTAL RUN
The concentration (C) and volume (V) of the 
original bulk solution were known,
Therefore the weight of protein at the start of 
the experiment was also known (V.'C)
Following the experimental procedure adopted; 
in the first integral of time 1 1 ,from the start of the 
experiment to the first change of foam collection 
vessel, the volume of foamate produced (V£ ) and its 
concentration (Cf ) will have been measured.
Therefore at the end of time increment ti, the 
following mass balance can be calculated;
the weight of protein in the foamate =  (36)
residual volume of bulk liquid = V -  . ..(37)
weight of protein left in residual
liquid V.C - Vo .Co ____ (38)
t i ‘ t i
. . concentration of residual bulk solution
(39)
the rate of foamate production for this first increment 
of time is given by
V (40)
t i
At the end of the second increment of time t 2 , 
following ti, during which the second collection vessel 
was in use:
the weight of protein in the foamate = ^f 2 '^£2  C^l)
residual volume of bulk liquid = V-(V£ + ....(42)
weight of protein left in residual liquid =
V.C - (V. .C, + V* .C* )... ........ (43)
±1 ±1 ±2 t2
. . concentration of residual bulk solution =
V.C. - (Vfi.cfi + vf2 .cf2)  ............... (44)
V - (Vfi + vf2)
and the rate of foamate production for the second increment
of time will be ........................... (45)
= F2
For each increment of time (ti,t2  etc) a foamate
protein concentration assay will have been carried out and 
the corresponding bulk liquid concentration may also be 
known; if no assay is available for the bulk liquid 
concentration it can be calculated from the procedure outlined 
above. Taking enrichment (E) to be the ratio of concentration 
in the foamate to corresponding concentration in the bulk 
liquid (Cf/C), for each increment of time (sample time), the 
enrichment E, the liquid bulk concentration C, and the 
foamate volume production rate (F) will be known.
A computer programme is shown in Appendix 3 which 
enables the bulk liquid concentration corresponding to 
each foamate concentration to be calculated using the 
above method.
A simple mass balance check was carried out, the 
original weight of protein in the bulk solution was 
checked against the final weight in the bulk solution plus 
the cumulated weights of protein in all the foamate volumes. 
All the experimental runs reported gave an error of within 
about +10$ by this method.
5.5. MEASUREMENT OF FOAM BUBBLE DIAMETER
A photographic technique was used to measure bubble 
diameter. It was found that the best results could be 
obtained by mounting a camera vertically above the foam 
column with a high quality lens focused on the top of. the 
column. Prints were taken on high quality paper of the 
photographs with about twenty fold magnification (Figure 7). 
Actual magnification was measured by photographing a 
graticule scale of known dimension and processing prints 
under the same conditions as above.
The mean bubble diameter and standard deviation 
were calculated from measurements of fifty randomly selected 
bubbles on the prints. The results so obtained are shown 
in TABLE 69, whilst TABLE 70 gives the actual measurements 
for one typical result in TABLE 69.
It can be seen that a mean bubble diameter of 
about 1mm could be taken for the range of operating 
conditions encountered and that the population spread 
as given by the standard deviation was reasonably 
constant.
Only in extreme conditions such as in very "dry" 
foam (associated with long drainage time) or with dilute 
(around 50g/m3) BSA bulk liquid concentrations was an 
increase in bubble diameter observed.
Bubble diameter is further discussed in Section 9.3.3.
5.6. SURFACE EXCESS
i
The method of evaluating surface excess is given in 
Section 4.2. The necessary calculations were carried out 
as shown in Appendix 1.
Values obtained fall within the range 0.0011 to 
0.0035g/m2 .. A value in the middle of this range, 0.0024g/m2 
was found to give the best results when fitted into 
Equation (35) and compared against, enrichment (E), , bulk
concentration, experimental data
E = 1 +  (35)
vb.c
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6 . PRELIMINARY EXPERIMENTAL WORK
6.1. INTRODUCTION
Protein solutions, in general, are well known for 
their property of forming very stable foams and the 
suitability of applying the Ideal Foam model to such 
foams together with the limits of its applicability was 
presented in Section 4. The foams are "wet” , consisting 
of spherical, thick-walled bubbles; these bubble walls 
are assumed to be rigid with interstitial spaces between 
them large enough for the downward flow of fluid (drainage) 
to take place under the influence of hydrodynamic forces.
Outside the limits of applicability polyhedral foam 
persists and the models which have been presented to 
describe drainage behaviour under these conditions are 
extremely complex (Leonard & Lemlich, 1965 ; Lee & Hodgson, 
1968; Thomas, 1969) making them unsusceptible to 
mathematical analysis and therefore of little practical use 
without assumptions giving drastic simplification.
From previous discussion of the Ideal Foam model it 
may be anticipated that the nett concentration will be 
increased with increased drainage of the interstitial 
liquid. The model is applied here to the foaming of 
protein solutions starting with the simplistic mathematical 
development of the model from Section 4.
In foam separation, the foam is not only a 
convenient means of collecting surface excess layers, 
but, in addition, a significant amount of further 
enrichment takes place within the foam as a result of 
liquid drainage, and with less stable foams due also 
to film coalescence.
A detailed reasoning for the decision to carry 
out experiments in the simple batch mode is given in 
Section 5.1.: but as the behaviour within the foam 
column will have considerable influence on the 
enrichment achieved, the simple mode provides the most 
uncomplicated for study, in that the foam column is undis­
turbed by the incursion of other streams (see Section 3.8).
The presence of the liquid pool further simplifies 
the system as a whole when contrasted with the continuous 
mode . Therefore the use of the simple batch mode is the 
most favourable for the setting up of an experimental 
programme to enable the semi-empirical development of 
Equation (35) to be advanced.
It can be seen from this equation that the entrained 
volume of liquid associated with each bubble (V^J affects 
the enrichment achieved. However cannot be obtained by 
a theoretical approach (Section 4.) and therefore an
experimental programme has had to be set up in order to 
study the influence of all the identifiable parameters 
on entrainment. At the same time this means that 
Equation (35) will also eventually be developed along 
the lines required.
A preliminary experimental programme was carried 
out in order to confirm that each preconcieved parameter 
did in fact exert an influence on the process and to obtain 
a provisional estimation of the extent to which each 
parameter would be likely to affect the efficacy of 
separation.
6.2. MEASUREMENT OF PERFORMANCE
Enrichment, the ratio of foamate concentration to 
bulk liquid concentration was the criterion used to measure 
the performance of a foam separation unit.
The concentration of the foamate is due both to the 
surface excess layers and to the interstitial (entrained), 
liquid. The surface excess is very rich in solute compared 
to the interstitial liquid which is assumed to be of -bntrb:!E£ 
liquid concentration. Bulk concentration therefore 
contributes to the concentration of the foamate, from this 
fact alone bulk concentration can be considered to be a 
parameter affecting unit performance. Therefore enrichment 
ratio gives a more meaningful measure of performance when 
comparing results under different sets of operating
conditions. Its use in this context may be interpreted 
as the fixing of the final (uncontrolled)parameter.
In addition this study will show (Section 9 ) 
that drainage rate is affected by concentration (since 
concentration affects liquid properties) and as a result 
of this, for any given set of conditions, foamate 
concentration will vary with bulk liquid concentration .
6.3. THE INITIAL APPROACH
From the outset a preconception of the effect of 
likely variables on enrichment had to be tested in 
practice. Indications obtained from the literature 
search, both of the identifiable parameters and the 
extent and direction of the effect were used in the 
initial programme,allied to a common-sense approach.
For example, London et al, (1953), from a 
programme of about thirty batch experiments felt able 
to conclude that the enrichment obtained would:
(i) decrease with increase in gas rate 
(superficial gas velocity);
(ii) increase with increase in foam column height; 
(iii) be greatly influenced by the pH of the 
solution
It was suggested that each protein has its own 
optimum concentration at which the best enrichment might 
be achieved.
Further, a study of other workers' batch 
experiments gave an indication of a sensible superficial 
gas velocity range within which investigations might be 
started (Grieves & Bhattacharya, 1970).
Apart from one piece of work on very dilute 
solutions of BSA (Schnepf & Gaden, 1959), no information 
was available on the foaming behaviour of this particular 
protein; nothing appeared in the literature which gave 
primary consideration to the foaming behaviour of BSA 
in the simple batch mode. 4
Batchwise operation enabled a range of BSA 
concentrations in the bulk solution to be covered in 
each experimental run, as the solution is depleted during 
the foaming process. This apart, all the other potential 
variables were held constant at predetermined values. In 
the preliminary study the effect of each parameter on 
enrichment was examined in a limited way by carrying out 
a few experiments which differed only in the setting of the 
variable under observation, for a few different settings. 
This procedure was carried out in sequence for all 
recognised parameters and an indication of the possible 
optimum combination of parameters was obtained together
with an idea of the operating limits, of the process.
6.4. FINDINGS OF PRELIMINARY EXPERIMENTAL WORK
The variables found to have most effect on 
enrichment were: protein concentration of bulk solution, 
the gas flow rate (or superficial gas velocity), the 
height of the foam column from which the foamate was 
taken. These variables are effectively interdependent.
The aqueous environment of the protein is also very 
significant. Other variables found to have some effect 
were the gas bubble size, the depth of solution through 
which the bubbles rise in the foaming cell and the 
foaming cell diameter.
/
6.4.1. pH
The preliminary experiments confirmed the reports of 
other workers, that the optimal pH for separation and 
recovery of BSA was close to its iso-electric pH at 4.6.; 
since the object of the present study is to investigate 
the process rather than the behaviour of individual proteins, 
all the further work with BSA was carried out at a constant 
pH of 4.6. The BSA solutions were made up in O'. 1M' citrate 
b u f f e r . The effect of the buffer components
on the foaming properties of the BSA solutions was checked by 
comparison with solutions in water acidified to the same pH: 
their behaviour on foaming were found to be indistinguishable.
6.4.2. TEMPERATURE
The findings of London and his co-workers were shown 
to be valid for BSA solutions; little difference in 
performance of the foam separation unit was found over a 
temperature range of about 20°C.
Two experiments were run under the same conditions of
foam column height 
superficial gas velocity 
cell diameter 
liquid depth
One experiment was maintained at 16°C whilst the 
other was carried out at 35°C. The results are shown in 
TABLE 5 and it can be seen from Figure 14 that the 
Enrichment-Bulk Concentration plots are virtually 
identical.
Since the laboratory ambient temperature rarely 
varied by more than 5°C either side of 18°C all the 
experiments were performed at ambient temperature.
6.4.3. BULK CONCENTRATION, SUPERFICIAL GAS VELOCITY,
FOAM HEIGHT
The formation of a stable foam is a prerequisite 
for successful foam fractionation; the bulk liquid 
concentration appeared to be the most significant
parameter in determining foam stability, as there was 
a range of BSA concentrations outside which a stable 
foam would not form. The working range was 
approximately 50 - 2500g/m3, but this was strongly 
dependent on gas velocity. There was a minimum super­
ficial gas velocity below which stable foam would not 
form whatever the BSA concentration, while the 
foamability, range increased with increasing gas velocity. 
Very high gas velocities caused considerable entrainment 
of liquid into the foam, resulting in low enrichment 
ratios. The concentration effect on foam is enhanced by 
increasing the foam column height, but the foamability 
range within which a given height of foam column can be 
generated and maintained decreases rapidly with increasing 
foam column height. The gas velocities used in the study 
were at the end of the range close to the minimum values 
needed to produce stable foam columns.
By considering the observations described above, 
the effective interdependence of these three important 
process variables were appreciated at this early stage.
6.4.4. FOAM MORPHOLOGY
A careful note was taken of the morphology of the“- 
foam during experiments, since with the occurence of
very dry foam, polyhedral foam will be formed (Section 2.5). 
The thin bubble walls become deformed and polyhedral foam 
once it is well established is recognisable to the 
experienced experimenter by a change in bubble shape and an 
increase in bubble size in the foam. Though of course with 
this rough method of assessment transition regions must 
occur when the foam morphology cannot be clearly defined.
However the extremes are easily discernible with the 
unaided eye and as polyhedral foam becomes even drier the
bubble walls become thinner and coalescence occurs to an
' C \  ■
extent dependant on film stability. This coalescence 
causes a further increase in bubble size and this regime 
is very easy to define.
/
A record of foam morphology was neccessary for two 
reasons.
(i) to define the practical limits of application of 
the Ideal Foam model for BSA solutions, and,
(ii) to accumulate sufficient evidence to confirm or
not the belief that protein denaturation in
foaming systems was associated with the
occurence of polyhedral foam. 
r
Both these aspects are discussed later following the 
work carried out here.
6.4.5. FOAMATE VOLUMES
A particularly noteworthy trend relating the 
rate of foamate production on a volume basis (F) 
and bulk concentration was observed during these 
experiments; the effect of lower foam stability with 
lower bulk concentration results not surprisingly in 
a decrease fn the foamate produced with decrease in 
concentration. On close examination a strong
linear relationship between foamate volume and 
solution concentration was apparent over the 
concentration range of most interest.
This is discussed further in Section 7.1.
7. FURTHER DEVELOPMENT OF THE FOAM
SEPARATION MODEL
7.1. EVALUATION OF
The information obtained from the 
preliminary experimental work was used as a guideline 
in the extension of the Basic Model for prediction 
of enrichment, which was introduced in Section 4.
Equation (35) contains three quantities 
which cannot be evaluated by theoretical means
E = 1 + — ............ ...(35)
vb.c
/
Experimentally derived values of d & T may 
be obtained by the techniques described in Section 5.5. 
and Section 4.2. respectively.
V^ is the volume of liquid associated with 
each individual bubble in the foam and its importance 
in the semi-empirical development of a design equation 
is explained in Section 6.1. The experimentally 
obtained foamate volume rate (of production) (F) may 
be related to V^ as follows (assuming the simplistic 
model under consideration);
Assume an average bubble diameter in the foam d(m) 
bubble volume will be 4  •7r* C^/2)3 (m3 )
w
Given a constant gas flow rate G (m3/min)
Then the rate of bubble generation will be
N = G/|.ir.(|)3 (rninT1) ......... ...(46)
Assuming that each bubble has the same volume of 
liquid associated with it, then
Vb = F/N ..........................  (47)
It is convenient to view the provisional experimental 
programme as a first attempt to study the behaviour 
of Vb with change in each operating parameter; with 
insufficient data being generated from such a limited 
programme to give a complete analysis, but enough to
identify the general effect of each parameter.
i
In this respect the effect of C the bulk 
liquid concentration on foamate volume production rate 
and hence was strongly identified (Section 6.4.5.) 
Examination of the available results showed a linear 
relationship between and bulk liquid concentration.
A detailed study of this relationship was 
carried out with the data obtained from the complete 
experimental programme and this linear relationship 
is well confirmed in Figures 69-80 where typical example 
of Vb vs. C plots are presented.
Therefore for any given set of operating 
parameters may be replaced by the appropriate 
'straight line relationship' expressed in terms of 
bulk liquid concentration C.
E = 1 +  ■ 7rd2r   ....(48)
Cfa1 ,+b1c)
where a 1 and b 1 are empirical constants.
7.2. FOAM COLUMN HEIGHT AND SUPERFICIAL GAS VELOCITY
By reference to the above Section and also 
Section 5.4. it can be seen that may be obtained for 
a number of bulk liquid concentrations (all other 
conditions constant) from one experimental run. From 
the experimental programme a number of runs may be taken 
in which all the controllable parameters are the same 
except that they have been carried out at different foam 
column heights. Examination of values of at different 
foam heights (all other parameters constant) showed 
that it decreased with increasing foam column height, 
but at a decreasing rate. At any given foam column height.'
was found to increase with increase in superficial 
gas velocity. Restating the relevant propositions made in 
the basic model, i.e. that for each foam bubble the 
formation of a complete surface excess layer occurs at 
the bubble interface and that entrainment of a certain 
amount of liquid of bulk concentration occurs with each
bubble; then a foam element in the column may be 
considered as a stack of spheres separated by the 
entrained interstitial liquid.
With time, as the foam element passes up 
the column, drainage of the interstitial liquid 
down into the next element occurs continuously.
JAn individual foam element can be assumed 
to be draining throughout its life, from its 
formation, through its progress up the. foam column to 
the foam collection level. The amount of entrained 
liquid draining from the foam depends on the drainage 
rate and the time for which drainage occurs. If the 
foam column height is H (m), the superficial gas 
velocity and the volume fraction of gas in the foam 
co, then the age of a foam element at height H, is t, 
given by
t = - H -  .(49)
Gs ’“
The volume fraction of gas is given by
co = ..... ................ .....(50)
7Td3 + 6Vb
but in practice, values of co calculated from this 
expression were usually between 0.95 and 1.0; in view 
of the other approximations made in this treatment, co 
can reasonably be taken to be unity> hence
As drainage proceeds, the spheres become closer 
together so that the channels through which liquid 
has to flow become narrower, causing increased 
resistance to further liquid flow. The volume of 
the interstitial spaces defines the volume of liquid 
present and therefore the drainage rate is proportional 
to the volume of liquid present at a given time. This 
suggests that the volume of interstitial liquid decays 
exponentially with time' a similar conclusion has been 
reached by deVries (1972). An exponential decay 
expression also describes the rate of exudation of 
liquid from a static foam column (Ross, 1943).
Therefore if the volume of interstitial liquid 
at foam age t is V^, then an exponential decay expression 
will be of the form
V b = V '2 '1 ■     ......(52)
where the constant V can be considered as ao
hypothetical volume of liquid associated with a single 
bubble as it enters the foam from the liquid, i.e. at 
’’zero foam column height” .
z is .a parameter describing drainage characteristics.
Combining equations (48), (51) and (5.2),
E = 1 + tt• d 2 • T ■ exp (z.H/G..)    (53)
C(a+bC)
where a and b are empirical coefficients
Equation (53) takes into account the effect 
of foam column height, superficial gas velocity and 
bulk concentration'on enrichment. However this equation 
cannot be applied to a different cell diameter or liquid 
depth.
8 . COMPLETE EXPERIMENTAL PROGRAMME
8.1. SETTING UP THE PROGRAMME
Using the information obtained in the 
preliminary experimental programme as a guideline 
an indication of the principal process variables 
was known. A number of duplicate experiments was 
included in the programme; this was felt to.be 
necessary for two reasons;
(i) to measure the reproducibility of the 
apparatus under the prevailing operating 
conditions to confirm that (a) no 
identifiable parameter had been 
inadvertantly allowed to vary during 
experiment, and (b) to ensure that no 
possibly unidentified variable could have a 
random effect on the unit performance;
(ii) Materials of biological origin could be 
variable in certain properties; in this * 
work for example, BSA is reported in the 
literature as being of variable composition 
(microheterogeneous) (Section 2.6.3.).
In fact, only one consignment of BSA from 
the manufacturers gave poor results; further 
experimentation indicated that this was due to the 
presence of excess fatty acid.
Using the guidelines available each operating 
variable was studied in further detail. This was done 
in order to obtain a more accurate measure of its 
influence with a view to further quantifying this 
influence within the context of The Ideal Foam Model.
Three or four different values of each 
principal process variable was taken in each case. For 
any given experiment within a set, all the controllable 
variables were kept constant; each experiment within 
the set varied only in the parameter under consideration. 
The influence of each parameter on enrichment was thus 
obtained in this way.
As discussed in Section 5.3. bulk concentration 
varies during each experiment, i.e. it is not a controlled 
parameter. It was found expedient to cover a range of 
about 300g/m3 during, each run. Depending of course on 
the operating conditions, typical running time was 
between one and two. hours; a convenient time, since at 
this stage the process required constant attendance during 
the whole run. It was found that more dependable, 
accurate, assay results could be obtained with relatively
fresh samples, since on standing the more concentrated 
foamates may have some of their solute ’’adsorbed" by 
the glassware on standing, leading to
difficulties in withdrawing a representative sample for 
analysis. Also allowance had to be made, particularly 
in the earlier experiments when little knowledge of the 
system behaviour had been acquired, for the possible 
occurence of progressive denaturation of the protein. 
There was in fact little sign of denaturation, as 
indicated by hysteresis effects (Section 8.4.2.)
By employing this method therefore, two or 
three experimental runs were carried out to cover the 
concentration range at one set of experimental 
conditions. About 150 experimental runs were necessary 
in order to cover the whole range of conditions.
8.2. THE PROGRAMME
Enrichment - bulk concentration - foamate 
volume data was obtained for nearly all different 
combinations of the following values of the process 
variables:
Superficial gas velocity 0.50,0.75,1.00 mm/s 
Foam Colum Height 75,125,175,225,275 mm
Foaming Cell Diameter 32,65,120,175 mm
Bulk Liquid Depth 225,450 mm.
8.3. PRESENTATION OF RESULTS
The calculation procedure necessary to obtain 
Enrichment (E) - Bulk Concentration (C) - Foamate
volume rate (F) data from each experimental run is given 
in Section 5. together with the procedure for checking 
mass balances. The computer programme used to make 
these calculations is given in Appendix 3.
8.3.1,. MEASURED DATA
All the.measured data are reported in 
TABLES 1 -64 and have been arranged so that each table 
includes all the runs carried out at any one set of 
operating conditions; each run is labelled separately 
within the table and a mass balance check, indicating 
the reliability of the run is given in each case.
+
The initial, final and any intermediate bulk 
liquid assays available are reported together with the 
assay for each foamate 'sample' the volume of that sample 
and the time taken to collect it.
8.3.2. PROCESSED DATA
The data from every run has been processed 
using the computer programme in Appendix 3; this 
gives an Enrichment - Bulk Concentration - Foamate 
Volume rate, data point for every foamate 'sample' 
taken. The calculation procedure is outlined in 
Section 5.4.
All these data are presented in TABLES la -
64a, each table contains all the data available for
any given set of operating conditions. The origin of
each individual data point is given (run number) but the
\
data is presented in order of decreasing concentration.
TABLES 1 - 6 4  are conveniently set out for 
analysis in terms of constant operating variable. The 
data is first segregated in terms of liquid depth. The 
TABLES 1 - 31, data for 225mm liquid depth, are presented 
so as to follow the sequence laid down in TABLE 65; 
similarly TABLES 32 - 64, for 450mm liquid depth follow 
the same kind of sequence, as shown in TABLE 66.
Since the efficacy of separation has been 
measured in terms of enrichment, the enrichment bulk 
concentration data from TABLES 'la - 64a has been presented 
graphically in Figures 9 - 64.
8.4. REPRODUCIBILITY & DENATURATION
Some significant points follow from the above 
method of data treatment and presentation.
8.4.1. REPRODUCIBILITY
Some experiments were repeated in order to 
check reproducibility, e.g. TABLES 8,17,18,19,25,34,43,49 
51,53,59, all include experiments which overlap each ,othe 
extensively(8.4.2).It can be seen from the corresponding 
figures how closely comparable the repeated results are 
in each case. It may be concluded that by following 
the Experimental Procedure laid down in Section 5.3. 
the same results may be obtained when an experiment is 
repeated.
8.4.2. DENATURATION
The relationship between denaturation and 
hysteresis has already * been mentioned in Section 5 .
Following Section 8.1., two or three runs 
may have been carried out at one given set of operating 
conditions, varying only in concentration range, so that 
overall a fairly wide concentration range was covered. 
Frequently ’overlap’ in concentration range occurred, 
between the end of a run which started with a more 
concentrated solution and the beginning of a run using 
•a relatively more dilute solution. In these overlap
regions, the results o b t a i n e d  were always comparable 
and in each case a characteristic, smooth, E-C curve 
was obtained (as described in Section 8.3.) This 
indicated that there were no hysteresis effects, i.e. 
that the foaming character of the BSA solution having 
a long residence time in the foaming cell was the 
same as that of a like solution of short residence 
time. This implies that BSA had not been denatured 
or undergone any marked change in its properties during 
the long period of foaming.
8.5. QUALITATIVE ANALYSIS OF RESULTS
The overall pattern of fractionation performance 
observed in the process was consistent and reproducible 
in all the combinations of process variables used.
In all cases a plot of enrichment ratio against 
bulk liquid concentration gave a curve of characteristic 
general shape: it was roughly hyperbolic, showing 
enrichment increasing with decreasing concentration, with 
the increased enrichment becoming noticeably more 
enhanced in the dilute range (between about 100 - 150 g/m3) . 
The Enrichment-Concentration curve became asymptotic to 
unity with increasing protein concentration (always about 
600 - 1,000 g/m3 range).
The exact configuration of the curve depended 
on the particular combination of operating conditions
used, but as values of individual variables were changed, 
the same trends were observed in all cases.
To give examples of all the trends observed, 
confirmed by all appropriate combinations available in 
Figures 9 - 64, a group of data points have been plotted 
on the same graphs Figures 65 - 68.
It can be seen that for constant values 
of all the other variables, enrichment ratio in all 
cases, increased with:
1. increasing foam column height (Figure 65)
2. decreasing superficial gas velocity (Figure 66)
3. decreasing foaming cell diameter (Figure 67)
4. decreasing bulk liquid depth (Figure 68)
8 .6. SUMMARY. OF DATA PROCESSING MECHANISM
1. Available Experimental Data
(i) liquid phase; initial volume and concentration, 
final volume and concentration, in addition 
some intermediate bulk liquid concentrations 
known, sampled at a time corresponding with 
certain foamate volume samples.
(ii) foamate phase; volume, volume rate, and 
representative concentration for each 
time increment.
Method of obtaining corresponding Enrichment- 
Concentration-Foamate Volume Rate data and mass balance 
checks presented in Section 5.4. Computer programme 
for use in this calculation, Appendix 3.
(iii) Foam Bubble Diameter d, measured experimentally, 
reference Section 5.5.
(iv) Surface Excess T; Calculated from data 
available in the literature, reference Section
5.6.
2. Processing of Data
(i) Enrichment (E) - Concentration (C) - Foamate 
Volume Rate (F) available from 1. presented 
in TABLES 1 - 64. Each Table contains all 
the data available for one set of operating 
parameters.
(ii) From F, V^ entrained volume associated with 
each bubble calculated by the procedure
•described in Section 7.1. Calculated- by 
computer programme presented in Appendix 4.
(checked against obtained by substituting 
experimental E-C data in equation (35)).
(iii) from (ii) plotted against corresponding 
bulk liquid concentration (C) . Linear 
regression carried out for each set of data 
corresponding to one set of operating parameters. 
Examples of resultant straight lines shown to be 
representative of data. See Figures 73-80.
(iv) Used processed data (corresponding to C, 
from Figures 73-80 for example) to plot In 
against H/Gsat constant concentration (all 
available data).
(v) From (iv) linear plot obtained by regression; 
one plot for each cell diameter.
(vi) Similar regression carried out for a number of 
concentrations over the range 100-500 g/m3.
Slopes obtained (z) plotted against C; z found 
to vary linearly with C.
(vii) Plotted same In values against H/GsD ,‘linear 
plot regressed representing all data at 
constant concentration and liquid depth.
9. TREATMENT OF RESULTS
9.1. TESTING OF BASIC MODEL AGAINST EXPERIMENTAL DATA
Qualitative analysis of the complete experimental 
programme has shown the effects of process parameters 
on the efficacy of separation (Section 8.5.)
These results should now be examined in relation to 
the proposed model by considering the effect of the process 
parameters on the foamate volume production rate (F). To 
follow the model presented, the volume of liquid 
associated with each bubble, may be calculated from values 
of F, as outlined in Section 7.1. (Computer Programe, 
Appendix 4). It was suggested in Section 6 that there is a 
linear relationship between and C. The - C data taken 
from the complete experimental programme confirms this.
Plots of against C for a given set of experimental 
conditions yield satisfactory straight lines. Linear 
regression analysis was also carried out for each plot and 
it can be seen from Figures 73 - 80, showing some typical 
examples of the many plots obtained, that the resultant 
straight lines can be taken to be representative of the 
experimental points. *
Taking the interpolated values of 'V^ from the linear 
- relationship and substituting in equation (35) gave 
E-C plots, which fitted well the experimental values.
The arguments presented in Section 7 for the 
extension of the model from equation (35) to equation 
(48) were therefore substantiated by experimental results.
E = 1 + — — .....    ..(48)
(a'+b'C)C
- The stated aim of this work is to produce a design
equation from which it is envisaged that the performance 
of any foam separation unit, in terms of enrichment 
attained, may be predicted under any given set of operating 
conditions.
This equation however, applies to only one set of 
operating conditions and it requires two empirically 
obtained coefficients at each set of operating conditions; 
these can only be obtained by the operation of a foam 
separation unit under these precise conditions. It Is not 
possible to make this equation more flexible or more 
generally applicable without consideration of the ’foam 
drainage effects' presented in Section 7.2.
9.2. EXTENSION OF THE BASIC MODEL
9.2.1. FOAM AGE
The criterion of foam age is presented in Section
7.2.
t = S   ..(51)
and here, by assuming that an exponential decay 
expression defines progressive drainage in the foam 
a more generally applicable equation for predicting 
enrichment has been presented (Equation 53).
Before testing the applicability of this 
expression the physical picture which equation (52)
V, = v n e ~ z , t  b o
is intended to describe must be considered. It is likely 
that drainage rate would vary with the concentration 
of the interstitial liquid since intuitively there is a 
relationship between solute concentration and the flow 
characteristics of a fluid (Section 9.2.2.) Since such 
effects have not been taken into account, the hypothesis 
is first tested at constant bulk liquid concentration:-
taking logs of Equation (52)
lnVb = InV - z. |  .....(54)
s
A plot of lnV^ against (H/Gs) should therefore give a 
straight line of intercept lnVo and slope z, at a 
particular value of C.
This relationship has been tested by analysing all 
the data available at any given cell diameter, liquid 
depth, and constant bulk liquid.concentration (C). A 
rounded value of C has been chosen and the values of 
required for the above plot have been taken by interpolation 
from the appropriate V^/C regressed data.
On compilation of this data, further regression 
analysis was carried out and it can be seen that the 
data points fit the straight line very well (e.g.
Figure 81, cell diameter 65mm, liquid depth 450mm, 
concentration 300g/m3) .
Therefore the exponential decay expression 
for drainage is valid.
9.2.2. DEPENDANCE OF DRAINAGE RATE ON INTERSTITIAL LIQUID
CONCENTRATION
The effect that liquid concentration has on drainage 
when all other parameters are held constant is clearly 
shown in Figures 81 - 85, decreases linearly with 
concentration, illustrating how dilute solutions drain more 
freely.
The cause of the relatively slow drainage of 
concentrated proteins is not known, but in similarity 
with most other solutions it may be concluded that increased 
concentration results in increased fluid viscosity.
For more concentrated solutions the protein mole­
cules will be closer together and with intermolecular forces 
coming into play flow characteristics of the fluid may be 
altered in some way. For flow of liquid "over a "solid" 
surface of solute molecules, effects such as the zeta 
potential may be relevant to the flow of fluid in a foam 
column.
Additional research would be necessary in order to 
identify and quantitatively describe the effect of all the 
phenomena involved. However, in this work only the nett 
result of these phenomena on flow characteristics of the 
draining fluid, using an empirical approach, is considered.
As may be expected from examination of Equation (54) 
the values of z the slopes in the plots of lnV^ against 
H/Gs have been found to vary with concentration. For a foam 
separation Unit operating in the simple batch mode z may be 
taken as a coefficient describing the relationship between the 
purely drainage-rate phenomenon described in Section 9.2.1. 
and the linear concentration effect confirmed by Figures 73- 
80.
Data processing as exemplified by Figure 81 has been 
repeated for a number of concentrations (all other operating 
parameters constant) and it can be seen from Figures 82-85 
that z varies regularly with C (for each concentration, slope 
zi is available corresponding to concentration Ci, z2 for C 2 
and so on). Then a plot of z against C (Figure 97) can be 
seen to give a very good linear plot over the concentration 
range 100 - 500g/m3. (see also Section 9.2.3.).
The data may therefore be analysed in such 
a way that a function may be obtained which includes a 
quantitative description of the interdependence between the 
’’concentration effect” and the”drainage rate effect” ,
E = 1 + tt . d2 . T . exp . 
(a+bC).C
(al+bl.C).H/Gs ............(55)
where al and bl are coefficients in the linear 
relationship between z and C.
This equation may now be used to predict 
the performance of a foam separation unit under any given 
set of conditions, given enough experimental data to 
obtain the coefficients required, and limited to one cell 
diameter and liquid depth.
9.2.5. EFFECT OF CELL DIAMETER
In the complete experimental programme, 
experiments were carried out using cells of four different 
diameter and the qualitative effect of cell diameter on 
enrichment is discussed in Section 8.5. For otherwise 
similar operating conditions, it was found that increase 
in cell diameter decreased the protein enrichment achieved.
Attempts to quantify this effect are discussed 
below; the eventual aim being to extend the use of the 
design equation (Equation 55) to include changes of 
cell diameters.
9.2.5.1. DATA OF CONSTANT CONCENTRATION, ANY CELL DIAMETER
The expression describing drainage rate verified 
in Section 9.1. holds for a particular cell diameter 
tested and by repeating the procedure adopted to produce 
Figure 81 for the other cell diameters, a series of 
representative straight lines is produced, each line 
representing a plot of lnV^ against H/Gs for a given cell 
diameter (Figure 86).
Figure (86) therefore includes all the data from 
the complete experimental programme with bulk liquid 
concentration and bulk liquid depth only, being fixed.
This study would be brought nearer its ultimate 
objective (Section 9.2.5.) if the data in Figure (86) 
for example could be described by one expression. It 
can be seen that for any given value of H/Gs , lnV^ increases 
with increase in cell diameter. Therefore in order for 
Equation (55) to take account of cell diameter, lnV^ should 
be plotted against (H/G^). f (p) .
A guideline to the best function may be found 
by postulating an explanation for the trend of increased
enrichment with decrease in cell diameter.
The rise of foam up the column may be compared 
to the flow of fluid in a pipe; at the pipe wall 
friction takes place between the wall and the adjacent 
fluid. The wall exerts a drag on the fluid and its 
velocity in the region of the wall will be low compared 
to the velocity of the mainstream fluid. In the 
foam therefore, drainage may be increased near the 
column wall because this foam has had a longer time 
to drain than the mainstream foam.
It is the ratio of "wall affected” foam to the 
total value of foam (made up of "wall affected” foam 
and "mainstream" foam) which is considered here to 
cause change in enrichment with change in cell diameter.
It can be seen that for unit foam height, this 
ratio may be expresses as:
wetted area of wall/foam volume
which is proportional to D 1 . This was therefore 
taken as the operating function and applied to the data 
in Figure 86. Linear regression of lnV^ against H/GS .D 
gave a very good fit as shown in Figure 87. As a
check this operation was carried out on other values of 
bulk liquid concentration as shown in Figures 87-96i
Therefore equation ( 55) has been modified so 
as to take cell diameter into account.
E = 1 + — ^vd-f. - e x p  (al+bl.C).H/GsD j ....(56) 
(a + bC)C
9.2.4. V Q , ENTRAINED LIQUID AT ZERO FOAM COLUMN HEIGHT
From Section 7.2. V Q is the hypothetical volume 
of liquid associated with each bubble at zero foam 
column height; however following Equation (54) , Figure 
87 may be used to evaluate V Q in the same way as it 
has been used to evaluate z, z being the slope in these 
plots and lnVQ the intercept. Similar plots to Figure 
87 have been carried out at other concentrations 
(Section 9.2.3.1.) following which, the V Q/C data 
available from these plots, have been plotted out for 
each liquid depth and in each case a satisfactory straight 
line plot has been obtained (Figures 98,99.) Fitting 
the expressions thus made available into the design 
equation,
■c -| . Tr.d2.r. ^E = 1 +  --------  exp
(h+jC)C
(al+blC) . H/GS .D  (57)
Equation 57 the final design equation of this work, has 
four coefficients which must- be obtained empirically as 
described in this Section. Each "set" of coefficients is 
valid only at a given liquid depth.
The dependability of the design equation in 
any future use for predicting protein separation will 
vary with the amount of data available for the 
evaluation of these coefficients; notwithstanding this 
note of caution, the design equation in this form is 
expected to be very useful in this respect.
Subject to the above (data availability) each 
set of coefficients are absolute values for any foam 
age (any combination of superficial gas velocity and 
foam column height in which Ideal Foam may be assumed), 
and cell diameter.
9.3. VALIDITY OF CORRELATION
The design equation (Equation (57)) was tested as 
a hypothesis by comparing the experimental data with pre­
dicted Enrichment in any combination of operating 
conditions, within the range examined, using the "x2" 
statistical test (APPENDIX 5.). For each of the two 
liquid depths, appropriate values of the empirical co­
efficients al,bl,h,j (one set for each liquid depth)
were fitted into Equation (5 7) and the predicted Enrichment 
compared with the experimental values.
Full results of the x2 test are shown in TABLE 65 
and TABLE 66 whilst the confidence limits with which the
hypothesis predicts the results for each combination of 
the operating conditions are shown sequentially in TABLE 
67 and TABLE 68.
Examination of the tables shows that the hypothesis 
predicts the results with the highest possible confidence 
limits viz 99.51 for all combinations of operating 
conditions in which Ideal Foam is produced.
The hypothesis does not give a good prediction of 
results in conditions where the foam is not Ideal (Section 4) 
since the model is based on the assumption of Ideal Foam, 
but it does nevertheless give a reasonable description of 
foam behaviour in non-ideal conditions,with confidence 
limits in excess of 70%. The difference between predicted 
and experimental behaviour could be used to delineate the 
transition region where ideal foam starts to undergo film 
coalescence.
9.3.1. EFFECT OF DRAINAGE TIME
Since the design equation predicts experimental 
results so well, it could be concluded that the .assumed 
value (H/G ■) for drainage time, t, (Section 7.2.) is valid. 
Under certain conditions however, this validity may be 
open to question:
(i) when high superficial gas velocities are 
employed, liquid entrainment will be high (Section .
8.5.) and the value of w, the volume fraction of gas
will be lowered significantly; this has been 
taken as unity in Equation (51).
However unless high foam columns were employed 
together with high gas rates the Enrichment otherwise 
obtained with high superficial gas velocity is low. 
The current study indicates that the most efficient 
operation is achieved by running the unit at a gas 
rate just above the lowest gas rate at which a 
stable foam column may be produced; the best foam 
column height being that which just still gives 
Ideal Foam at the head of the column. Unless there 
were particular reasons for operating in the former 
case therefore, the point raised will not have any 
great significance in practice.
(ii) for particularly low superficial gas velocities, 
H/Gs may not be the true drainage time, since it 
might be possible to generate foam columns of 
significant height but consisting of slowly 
coalescing foam. No difficulties have been 
encountered in this region however, because the foams 
formed are either so unstable that it is not 
possible to form a significantly high foam column, 
or, on slight increase in gas velocity, a stable 
foam is formed for which H/Gs gives the true drainage 
time, (apart from'the wall effects discussed in 
Section 9.2.3.)
On further consideration of drainage time however, 
it can be seen from TABLE 67 and TABLE 68 that the poorest 
.agreement between empirical and predicted results occur 
when the foam column height is large and the superficial gas 
velocity is only just high enough to maintain the necessary 
foam generation. In this case excessive drainage takes place 
giving rise to non-ideal polyhedral foam whose behaviour cannot 
be expected to be described by the correlation based on Ideal 
Foam.
The statistical analysis shows that, all other conditions 
being equal, the design equation is least applicable in this 
respect at the smallest cell diameter, 32 mm. Here good 
agreement is achieved only when the apparent drainage time is 
very short; this may be expected on following the considerations 
given in Section 9.2.3.1. in that the high, area of wetted surface 
to foam volume ratio, which occurs with small diameter cells will 
cause an effective increase in the drainage time and hence 
accelerate the onset of non-ideal foam.
9.3.2. EFFECT OF LIQUID DEPTH
At present, each liquid depth requires a different set of 
the .four coefficients in the design equation. This was not 
anticipated when the detailed experimental programme for this 
work was planned. There is no obvious correlation between the 
values of the corresponding coefficients in each of the two sets 
of coefficients and therefore the effect of liquid depth on 
enrichment could not be incorporated into the design equation. 
Experiments will need to be carried out at other liquid depths
in order to determine quantitatively the effect of this 
parameter on Enrichment. Higher Enrichment values were always 
obtained at the shallower liquid depth. It was observed that 
experimental values obtained for Enrichment at various bulk 
concentrations were more widely scattered around Enrichment/ 
Concentration curve predicted by the design equation for the 
shallower liquid depth (225 mm) than were the 450 mm liquid 
depth results.
On the basis of the model presented in this work 
Enrichment in the foamate will depend on:-
1. The quantity of bulk liquid initially entrained in
the foam at the liquid-foam interface.
2. The attainment of the complete surface excess.
3. The amount of drainage which subsequently takes
place in the foam column.
There is no evidence, available to explain the effect of 
liquid depth on Enrichment attained but the available 
experimental data may be explained in the following terms
When gas is forced through sinter plates, there is a 
region of high turbulence immediately above the sinter 
(Marrucci & Nicodemo 1967). There is a high bubble collision 
rate in this region and bubbles issuing from it have an 
effectively fixed diameter as they move up the column
(changes due to change in hydrostatic pressure are 
insignificant). Turbulence decreases with decrease in 
superficial gas velocity and increaseswith decrease in 
aspect ratio (liquid height/column diameter).
Regarding the scatter in results, at the 
shallower liquid depth, the bubbles on reaching the surface 
may not be at their terminal velocity and individual bubbles 
having left the turbulent region at different velocities may 
arrive at the surface at different velocities, consequently 
the liquid carried up 'into the foam and ultimately the 
Enrichment attained will have a less predictable value in 
comparison to the deeper pool in which all the bubbles arrive 
at the surface at the same velocity.
This affect might also be a contributory factor 
when considering the diminished Enrichment achieved in the 
deeper pool. It may be in this case that the terminal 
velocity has been reached and the velocity of the bubbles 
when they arrive at thd surface is greater than with the 
shallow pool. Preliminary experiments which were carried out 
to measure bubble velocities in each case proved to be 
inconclusive.
Considering the attainment of surface excess, there 
is no evidence available as to the time required for the 
complete formation of surface excess of BSA at the bubble surface
If this time is of the same duration as the residence time 
of bubbles in the pool of the foam fractionation units in 
general then it may be that in the more shallow pools that 
residence times are so short that the complete surface 
excess will not be formed in the liquid phase. Consequent 
behaviour will not be in line with the Ideal Foam model and 
mass transfer by an unknown mechanism will take place in the 
foam. It is not possible to predict the performance of a 
foam fractionation unit under such conditions.
The level of entrainment might be enhanced in deep
pools, particularly at low superficial gas velocities by the
occurence of a solute concentration gradient in the pool as
exploited in Bubble Fractionation (Section 2.2.2.1.) Here
the liquid at the top of the pool becomes more concentrated
than the original bulk liquid which itself becomes relatively
depleted in solute. Thus the more concentrated liquid
becomes entrained in the foam and since high concentration has
been shown in this work to be associated with high liquid
entrainment and slow drainage this would result in lower
enrichment in the foamate taken from a foam column of any
significant height. Though in relative jnass balance terms
there will be more solute in the. foam due to the relatively
*
enriched entrained liquid, the ratio of bubble surface to 
liquid volume would be low. It is the very high solute 
concentration in low volume -at the bubble surface which 
enhances enrichment, and even concentrated entrained liquid 
acts as a diluent.
Some experiments were carried out to verify the 
existence of a concentration gradient by assaying samples 
taken at various levels in the pool. Though there appeared 
to be some evidence of a difference in concentration, the 
results were not totally convincing since the difference 
was small enough to be accounted for by assay error.
9.3.5. EFFECT OF FOAM BUBBLE DIAMETER
Marrucci & Nicodemo (1967) in a study of the size of 
bubbles formed above a sinter plate in several 
electrolyte solutions have shown that bubble diameter is 
remarkably constant and varies little with change in solute 
concentration or superficial gas velocity, provided that 
neither of these values was too low. These workers explained 
this behaviour initially in terms of electro-repulsive 
forces occurring at the interface; but an equally good 
correlation has been obtained between bubble diameter and the
term c.$ dy (Thomas, 1968)
dc
(where ^ is a factor relating log of concentration to log of 
a'ctivity coefficient) . From this it can be seen that bubble 
diameter depends on bulk concentration only in the sense that 
concentration in turn affects surface tension. Therefore 
bubble diameter varies with bulk concentration when this 
concentration is dilute since surface tension varies linearly 
with concentration in this region; for more concentrated 
solutions surface tension remains constant with increase in 
concentration and consequently bubble diameter also remains 
•constant.
Experimental work (TABLE 71 ) has confirmed
similar behaviour with BSA solutions: bubble diameter is 
constant in the more concentrated solutions but becomes 
larger in dilute solutions (below 100g/m3) as surface 
tension changes with decrease in concentration.
Valentin (1967)states that the bubbles generated in 
the liquid above a sinter plate have a substantially constant 
mean bubble diameter over a wide range of operating 
conditions, including sinter pore size.
Assuming there is a relationship between liquid 
bubble diameter and foam bubble diameter it may be inferred 
from the above considerations that foam bubble diameter varies 
in a similar way, provided that conditions in the foam remain 
constant, i.e. the foam remains stable and coalescence is 
absent. The experimental evidence available tends to support 
this inference (TABLE 69 ); the two regions in which foam 
bubble diameter varies from its constant value are:
(i) when the foam drainage times are high and 
coalescence results in the formation of larger 
foam bubbles.
(ii) when the bulk liquid concentration is low 
(below 100g/m3 for BSA) in which case the liquid
bubble diameter is also large.
From the above it can be seen that though an actual 
value for the mean foam bubble diameter cannot be predicted,
• no difficulty results in unit operation because this value
is.more or less constant over a wide range of operating 
variables. In this passive sense there is no difficulty 
involved in unit control.
Available evidence suggests that only a short time 
is required for a bubble in the liquid pool to acquire a 
complete surface excess (T) of protein at its surface 
(Section 2.6.1.3) and as suggested above, d, the mean foam 
bubble diameter will be constant over a wide range of 
operating conditions. Should any of these precepts not apply 
however, the design equation may still be of use in predicting 
the efficacy of separation since its continued use as an 
empirical tool would simply require the replacement of the group 
(Trd2 r )  by some constant K. The value of K, an additional 
empirical coefficient would then need to be found by the 
method discussed previously in Section 9.
Considering the potential effect of change in bubble 
diameter on the Enrichment (E) achieved, ostensibly E increases 
with the square of d. However Equation (57) has been developed 
by considering only a single bubble and the unit must be 
judged on the Enrichment achieved per unit volume of gas flow. 
Following the model, the formation of smaller bubbles would 
give a higher foam surface area to gas volume ratio; this 
would improve the efficacy of separation and therefore from 
this standpoint a smaller bubble diameter would be an advantage. 
However, if the analogy between foam drainage and the passage 
of liquid through packed beds may be made, in which the 
resistance to drainage becomes greater with decrease in
packing size, then drainage from a foam made up of small 
bubbles would be slow. At the end of a given drainage time 
therefore, entrainment would be greater with this type of 
foam and there would be a decrease in the Enrichment achieved.
No quantitative information is available on these 
contrasting effects and therefore the overall effect of 
change in foam bubble diameter on Enrichment is not known.
Nor are there any similar cases which can be compared directly. 
Relatively large bubbles have been encountered
(i) as a result of coalescence of smaller bubbles; 
such bubbles are particularly thin walled as the 
result of excessive drainage and cannot be compared 
with smaller bubbles in stable foam.
(ii) large foam bubbles may be generated from dilute 
bulk solutions but these would be very free draining 
and again there is no similar case with which to 
compare them.
1 0 * CONCLUSIONS, APPLICATIONS,
SUGGESTIONS FOR FURTHER WORK.
10.1. CONCLUSIONS
Foam fractionation of an idealised pure protein system, 
bovine serum albumen in buffer at pH 4.6, has been investigated 
using a wide range of different operating conditions. The 
results obtained were consistent and reproducible: the same 
general relationship between enrichment ratio and bulk liquid 
concentration, and the same trends in the effects of individual 
process variables, were observed with all combinations of 
operating conditions tested.
Enrichment ratio was found to increase at an increasing 
rate, with decreasing protein concentration, and to increase 
more evenly with increasing foam column height, decreasing 
superficial gas velocity, decreasing foaming cell diameter, and, 
unexpectedly, with decreasing bulk liquid depth.
E = l + :7Td* -r exP
Ch+j .C)C
(al+bl.C ) . H/GsD
A simplistic theoretical treatment has been developed to 
give a design equation which predicts Enrichment ratio with a 
certainty level greater than 99.51 (using the x2 test), for 
any given bulk liquid concentration, superficial gas velocity, 
foam column height and cell diameter within the range tested and 
for a given liquid depth.
Four empirical coefficients are included in the design 
equation at any given liquid depth.
The design equation does not apply when dry polyhedral 
foam is produced by a foam separation unit but for BSA 
it would be expected to apply under any set of conditions 
in which wet foam was generated, which approximates .closely 
to Ideal Foam.
All the operating variables have been identified in 
terms of concentration and foam column drainage, so that 
by carrying out a minimal experimental programme a 
similar design equation may be formulated, including 
coefficients,enabling foam separation unit performance to 
be predicted for other biological materials.
10.2 APPLICATIONS
1. The design equation developed for BSA should be 
applicable to protein solutions in general. A 
limited number of experiments would be necessary in 
order to determine the empirical coefficients to be 
used in the design equation.
2. The model should be adapted (Section 10.3) and
applied to mixtures of protein (enzymes for example).
The modified design equation could then be used to
predict separation of proteins one from another in
addition to the concentration of single protein 
solutions.
3. The way is now clear for the examination of 
the process as a continuous operation using 
proteins, since it is clear that by judicious 
selection of operating conditions denaturation 
can be avoided and that retention times of up to 
two hours can certainly be tolerated without 
denaturation.
4. In this development the design equation has been 
successfully applied to liquid batches ranging in 
volume from 200 mis to 11.5 litres. These volumes 
have been processed in a matter of hours and to 
this extent the potential for scale up has been 
illustrated. Foam Separation, as a process, has the 
potential to fill the requirement of an economic, 
large scale technique for enzyme isolation, as 
anticipated, in Section 1.5.
10.3. SUGGESTIONS FOR FURTHER WORK
10.3.1. BSA SOLUTIONS
10.3.1.1. INCLUSION OF LIQUID DEPTH IN DESIGN EQUATION
As discussed in Section 9.3.2. the. effect of liquid 
depth on enrichment has not been included in the design 
equation and in order to determine quantitatively the 
effect of this parameter, experiments over a comparable 
range of operating conditions would have to be carried out
at other liquid depths.
10.3.1.2. ON CHANGES IN FOAM BUBBLE DIAMETER
Foam bubble diameter is constant over a wide range of 
operating conditions (Section 9.3.3.) and there are only 
two regions in which relatively larger bubbles occur. The 
only combination of circumstances in which these larger 
bubbles could occur in an Ideal Foam is when the bulk liquid 
concentration is low but the foam is still fairly "wet"
(inferring the use of high superficial gas velocity). Further 
work would be necessary in order to extend the existing design 
equation to cover this region; a correction factor applied to 
the existing coefficients would probably.be necessary.
10.3.2. FOAM FRACTIONATION AS A SEPARATION TECHNIQUE FOR PROTEINS
The attraction of Foam Fractionation as a separation tech­
nique for biological materials lies in the simplicity of
the apparatus and the potential ease of scale-up, as discussed 
in Section 1.5. The present work has been a first step in 
the realisation of this potential; a single protein solution 
may be easily concentrated. Mixtures of proteins (enzymes for 
example) should now be examined in detail. The basic model 
describing the foam column should still apply and by considering 
the behaviour of binary solutions at interfaces it should be 
possible to adapt the design equation so that the degree 
of separation achievable between two (or more) proteins may be 
predicted.
Finally, the viability of the technique in isolating 
protein from source material must be ascertained, e.g. 
by studying the isolation of enzymes from smashed cell , 
slurry. Preliminary work of this nature carried out at 
The University of Surrey (SRC Grant No. B/RG/58532) has 
proved to be encouraging.
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TABLE 1
Operating
conditions Foam Column Height
(mm)
Superficial 
Gas Velocity
mm/s
Cell
Diameter
mm
Liquid
Depth
mm
75 0.5 32 225
Run No. Bulk
Volume
(mis)
Bulk
Concentration
(g/m3)
M.B.
Check
Sample 
T ime
(mins)
Foamate
Volume
(mis)
— - -------------------------
Foamate
Concentra­
tion
(g/m3j
294 160 480 0 0 0
5 7.95 890
' 10 9.82 980
15 11.34 995
20 10.69 1035
360 30 11.79 1120
10.. 3.34 1200
60 265 1071
295 161 295 0 0 0
5 6.36 830
185 15 9.75 735
20 8.12 1320
30 7.91 1300
30 5.49 2000
20 2.77 2055
111 « 15 1071
_____________ 1
TABLE la
Run No. Bulk
Concentration
g/m3
Enrichment
Ratio
Rate of Foam 
Production
mls/min
Volume Rate o 
Foam Producti
65mm Equivale]
294 480 1.85 1.59 8.80
294 459 2.13 0.98 5.45
294 424 2.34 0.76 4.17
294 376 2,75 0.53 3.00
294 319 3.51 0.39 2.16
295 295 2.81 1.27 7.00
295 273 2.69- 0.65 3.58
295 242 5.45 0.41 2,23
294 235 5.10 0.33 1.85
295 178 7.31 0.26 1.43
295 110 18.18 0.18 1.01
295 25 79.2 0.14 0.78
TABLE 2.
Operating Foam Column Superficial Cell Liquid
Conditons Height Gas velocity Diameter Depth
mm mm/s mm mm
125 0.5 32 22 5
Run No. Bulk
Volume
(mis)
Bulk
Concentration
(g/m3)
M.B.
Check
Sample
Tune
(mins)
Foamate
Volume
(mis)
Foamate
Concentra-
(g/m3)tion
291 150 425 0 0 0
350 10 6.20 980
20 10.50 1425
20 7.30 1150
30 7.70 1080
30 4.90 1680
*
30 2.80 3980
116 130 1201
TABLE 2a
Run N o . Bulk
Concentration
g/m3
Enrichmen 
Ratio
t Volume Rate of 
Foam Production 
mls/min
Volume Rate ( 
Foam Product: 
(65mm
Equivalenl
291 425 2.31 0.62 3.41
291 v^OjU 3.56 0.53 2.90
291 319 3.70 0.37 2 . 02
291 271 3.98 0.26 1.42
291 218 7.69 0.16 0.89
291 155 25.64 0.10 0.54
TABLE 3.
Operating Conditions Foam Column Superficial Cell Liquid
Height Gas Velocity Diameter Depth
mm mm/s mm mm
175 0.5 32 225
Run No . Bulk 
Volume
(mis)
Bulk
Concentration
(g/m3)
M.B.
Check
Sample
Time
(mins)
Foamate
Volume
. mis
Foamate
Concentrat
•g/m3
290 168 340 0 0 o
10 3.85 1495
20 2.92 2540
>C 230 20 2.36 3040
30 2.09 4395
148 165 98% 40 2.19 4900
TABLE 3a
lun No. Bulk
Concentration
g /m3
Enrichment
Ratio
Volume Rate of 
Foam Production 
mls/min
Volume Rate of 
Foam Production 
65mm Equivalent
290 340 4.30 0.39 2.12
290 321 7.93 0.15 0.81
290 282 10.78 0.12 0.65
290 243 18.08 0.07 0.38
290 188 26.06 i 0.06 0.27
TABLE 4.
144.
Operating Conditions Foam Column Superficial Cell Liquid
DepthHeight Gas Velocity Diameter
mm mm/s mm mm
75 0.5 65 225
Run N o . Bulk
Volume
mis
Bulk
Concentration
g/m3
M.B.
Check
Sample
Time
m i n s .
Foamate
Volume
m i s.
Foamate
Concentratio
g/m3
104 720* 1800 0 0 0
1460 30 140 2100
460 1400 103 30 138 2050
102 798* 1000 0 0 0
820 30 159 1530
15 44.5 1260
680 30 86.5 1320
300 460 98 45 85 1300
100 700* 730 0 0 0
510 30 68 1470
440 30 41 1710
320 30 30 1830
450 .. 27.5 • 1001 30 23 1800
237 985 ' 475 0 0 0
15 117 880
20 77 1065
365 20 81 1000
20 80 880
240 20 51 1075
475 95 107 % 30 69 910
98 900 465 0 0 0
410 30 86 850
350 30 72 1150
280 30 61 1050
6-25 240 97% 30 23 1400
TABLE 4 Cont'
Run N o . Bulk
Volume
mis
Bulk 
Concent.
g / m 3
M.B.
Chec k
Sample
Time
mins
Foamate
Volume
mis
Foamate 
Concent.
g / m 3
61 990 : 325 0 0 0
15 90 600
15 110 570
- - 7.5 . 34 495
97 950* 315
■ O '
0 0 0
220 30 55 2150
'150 30 36 1350
760 140 93V 30 24 1900
88 930 165 0 0 0
30 49 950
30 28 1210
30 18 1390
820 0 84°* 30 10 2390
96 880 • 200 0 0 0
125 30 31.5 1656
75 30 20.0 2125
800 40 941 30 15.00 2600
34 990 200 0 0 0
11 21 1050
10 24 845
10 18 870
10 13 1067
15 11 1237
15 10 1230
820 55 - 55 27 1110
68 980 200 0 0 0
* 15 72 470
15 59 470
15 49 495
15 40 • 490
720 50 - 15 31 530
105 930 195 0 0 0
160 15 27 1320
135 30 ~ 42 1530
780 90 15 13 1530
TABLE 4a
Run N o . Bulk 
Concent. 
g/m s
Enrichment
Ratio
Volume Rate of 
Foamate Production 
mls/min
104 1774 1.34 4.67
104 1651 1.31 4.60
102 978 1.56 5.30
102 825 1.53 2.93
102 790 1.67 2.87
102 689 1.89 1.87
100 642 2.29 2.22
100 546 3.13 1.37
237 475 1.85 7.8
98 464 1.83 2.85
100 456 4.01 1.00
98 423 2.59 2.40
237 420 2.53 3.85
100 374 4.81 0.76
98 358 2.93 2.03
237 357 2.79 • 4.05
97 332 6.48 1.85
98 296 4.72 0.75
237 284 3.09 4.00
97 212 6.37 1.19
237 208 5.14 2.55
105 205 6.44 1.80
96 204 8.06 1.04
34 186 5.62 1.91
105 170 8.98 1.40
34 168 5.02 2.40
88 164 5.76 1.62
97 161 11.75 0.80
96 151 14.07 0.67
34 150 5.76 1.80
34 137 7.78 1.30
237 133 6.86 2.30
34 123 9.97 0.73
88 122 10.60 0.93
34 110 11.16 0.67
96 103 25.14 0.50
105 101 15.08 0. 87
34 98 . 11.36 0.67
88 83 16.65 0.59
88 56 42.96 0.33
TABLE 5
Independence of Temperature Checks - Constant Conditions
Operating Conditions
(i) Temperature 16 C
Foam Column Superficial Cell Liqui
Height Gas Velocity Diameter Dept h
mm mm/s mm mm
125 0.50 65 22 5
-Run No. Bulk
Volume
mis
Bulk
Concent.
g / m 3
M.B.
Check
Sample
Time
mins
Foamate
Volume
mis
Foamate
Concent.
g / m 3
297 985 470 0 0 0
5 51.6 870
15 158.0 750
340 20 174.8 725
30 202.7 650
290 105 1101 20 88.7 650
(ii) Temperature 35°C
Run No. Bulk
Volume
mis
Bulk 
Concent, 
g/m 3
M.B.
Check
Sample
Time
mins
Foamate
Volume
mis
Foamate
Concent.
g / m 3
298 985 460 0 0 0
5 47.7 1085
15 137.1 900
295 20 156.1 815
30 175.1 735
360 65 1131 20 81.6 735
TABLE 5a
Independence of Temperature Checks 
(i*) Temperature 16°C
Run N o . ■ Bulk 
Concent. 
g/m3
Enrichment
Ratio
Volume Rate of 
Foamate Production 
mls/min
297 470 1.8 5 10.32
448 1.67 10.53
•386 1.87 8.74
288 2.26 6.76
104 6.28 4.43
(ii) Temperature 55°C
Run N o . Bulk 
Concent. 
g/m3
Enrichment
Ratio
Volume Rate of 
Foamate Production 
mls/min
298 460 2.36 9.54
428 2.10 9.14
347 2.34 7.80
234 3.14 5.84
47 15.70 4.08
TABLE 6
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid
Depth
mm
75 0.5 120 225
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g/m3
M.B.
Check
Sample 
T ime 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g/m3
177 2410* 593 0 0 0
15 94 1395
20 182 1135
20 168 1020
20 159 960
20 140 930
1560 405 108* 20 124 930
252 2490 291 0 0 0
10 110 755
200 15 180 655
20 195 660
95 20 131 760
30 166 770
1570 0 87% 20 83 830
TABLE 6a
Run N o . Bulk 
Concent. 
g/m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
177 593 2.36 6.26 1.70/
177 560 2.03 9.10 2.46
177 510 2.00 8.45 2.29
177 467 2.05 7.95 2.15
177 423 2.19 7.00 1.89
177 381 2.44 6 . 20 1.68
252 290 2.60 11.00 2.96
.252 268 2.44 12.00 3.23
252 237 2.78 9.75 2.62
252 196 3.87 6.55 1.76
252 157 4.91 5.53 1.49
252 97 8.54 4.15 1.12
TABLE 7
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid , 
Depth' 
mm
125 0.5 120 225 i
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
T ime 
mins
Foamate
Volume
mis
Foamate 
Concent. 
’ g/m3
179 2458* 578 0 0 0
• 15 95 1475
20 128 1265
455 20 121 1235
20 113 1175
20 105 1120
1725 385 1041 20 114 1045
249 2490 475 0 0 0
10 87 1185
15 110 1100
305 15 86 1160
20 103 1140
260 20 108 1075
30 121 1300
♦ . 1760 215 * 975o 10 38 1260
250 2490 236 0 0 0
10 48 1255
150 15 60 * 1270
20 62 1440
100 20 52 1560
30- 62 174 5
2080 80 107% 15 26 1945
Run N o . Bulk 
Coricent. 
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv1)
179 578 2. 55 6.34 1.71
179 542 2.33 6.42 1.73
179 500 2.47 6.05 1.63
249 475 2.49 8.70 2.34
179 458 2.56 5.68 1. 53 '
249 450 2.45 7.35 1.98
249 419 2.77 5.75 1.55
179 418 2.68 5.23 1.41
249 389 2.93 5.15 1.39
179 379. 2.75 5.71 1.54
179 372 3.09 6.60 1.78
249 353 3.05 - 5.40 1.46
249 314 4.14 4.00 1.08
249 251 5.02 3.80 1.03
250 236 5.32 4.80 1.29
. 250 216 5.88 4.00 1.08
250 189 7.61 3.10 0.84
250 156 10.01 2.60 0.70
250 124 14.12 2.07 0.56
250 78 24.95 1.73 0.47 *
TABLE 8
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid * 
Depth 
mm
-i
75 0.50 175 225
Run N o . Bulk
Volume
mis
Bulk
Concent.
g / m 3
M.B.
Check
Sample 
T ime 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g/m3
149 6000 462 0 0 0
15 285 1315
15 425 1015
15 360 930
15 380 855
3430 220 1071 20 495 ' \  ' 770j
156 5843* 242 o : 0 0
15 337 925
15 403 640
15 350 665
15 265 715
20 196 900
4140 ’35 103% 20 43 1560
'150 5950* 142 0 0 o
15 72 1100
15* 122 1100
15 249 855
90 15 177 915
15 121 1085
35 118% 20 52 1510
TABLE 8a
Run N o . Bulk 
Concent.
g / m 3
Enrichment
Ratio
Volume Rate., 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(6 5mm Equivl
149 462 2..85 19.0 2.66
149 416 2.44 28.3 3.95
149 364 2.55 24.0 3.35
149 320 2.68 25.3 3.53
149 271 '2.84 24.8 3.45
156 236 3.92 22.4 3.12
156 194 3.30 26.8 3.74 . '
150 163 6.77 4.8 0.66
156 159 4.19 23.4 3.24
150 151 7 . 28 8.2 1.14
150 131 6.53 16.6 2.32
156 121 5.90 17.7 2.46
150 98 9.33 11.8 1.65
TABLE 9
Operating Conditions
Foam Column Superficial Cell Liquid
Height Gas Velocity Diameter Depth
mm mm/s mm mm
125 0.5 175 2 25
Run No. Bulk
Volume
mis
Bulk
Concent.
g/m3
M.B.
Check
Sample
Time
mins
Foamate
Volume
mis
Foamate 
Concent. 
g/m3
162 600 253 0 0
i
0
15 476 720
15 510 565
15 446 595
15 320 635
20 308 705
3800 30 102*' 20 78 1140
TABLE 10
Operating Conditions
Foam Column 
Height 
mm
Superficial 
Gas Velocity 
mm/s
Cell
Diameter
mm
Liquid
Depth
mm
275 0.75 175 225
Run N o . Bulk
Volume
mis
Bulk 
Concent.
g/in3
M.B.
Check
Sample
Time
mins
Foamate
Volume
mis
Foamate 
. Concent. 
g /m3
163 6000 343 0 0 .o'
15 949 795
15 853 615
15 639 555
■> 20 214 840
3220 70 . 100V 20 9 3330
TABLE 9a
Run N o . Bulk 
Concent. 
g/m"
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
162 253 2.85 31.7 4.41 .
162 213 . 2.66 34.0 4.74
162 177 3.36 29.7 4.14
162 136 4.66 21.3 2.96
162 99 7.15 15.4 2.15
162 51 22.28 3.9 0.54
1AJSLE lQa
Run N o . Bulk 
Concent. 
g / m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv) |
163 343 2.29 63.3 8.84
260 2.37 56.9 7.91
187 2.96 42.6 5.94
121 6.90 10.7 1.49
TABLE 11
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Pate 
mm/s
Cell
Diameter
mm
Liquid , 
Depth 
mm |
275 0.5 175 225 j
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
T ime 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g / m 3
152 5903* 492 0 0 0 i
15 241 1530
15 284 1280
15 280 1200
15 234 1150
20 288 1110
20 244 1125
3960 185 1031 20 205 1180
154 5775* 246 0 0 0
15 70 2300
15 187 1390
15 155 1395
15 143 1340
20 73 1895
4985 80 100% 20 3 5220
156 5843* 242 0 0 o
15 337 925
15 402 640
15 350 665
15 265 * 715
20 196 900
4140 35 103% 2Q.„ 43 1560
TABLE H a
Run N o . Bulk
Concent.
g/ni3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
152 492 3.11 16.1 2.23
152 448 . 2.86 18.9 2.63
152 404 2.97 18.7 2.59
152 360 3.19 15.6 2.17
152 323 3.44 14.4 2.00
152 273 4.12 12.2 1.69
152 269 4.17 10.3 1.43
152 225 5.24 11.0 1.52
156 224 4.12 10.8 1.50
154 214 6.50 12.5 1.74
156 187 7.28 11.6 1.61
154 174 8.02 10.4 1.45
156 151 10.27 11.2 1.55
154 139 9.67 9.6 1.33
156 • 120 18.20 3.6 0.50
154 106 17.94 3.3
TABLE 12
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid „ 
Depth 
mm
75 0.75 32 225
Run N o . Bulk 
Volume 
ml s
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample
Time
mins
Foamate
Volume
mis
Foamate 
Concent. 
• g / m 3
296 162 490 0 0 0
5 14.80 735
10 16.10 800
• 10 16.45 720
360 10 14.75 720
15 14.90 730
10 7.80 790
66 215 1031 5 3.20 790
1
TABLE -I?a
Run N o . Bulk 
Concent. 
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Fquiv)
296 490 1.50 2.96 16.58
296 465 1.72 1.61 9.02
296 424 1.70 1.65 9.24
296 382 1.88 1.48 8.29
296 332 2.20 0.99 5.54
296 262 3.01 0.78 4.39
296 209 3.69 0.64 3.58 .
TABLE 1 3
Operating Conditions Foam Column Superficial Cell L 1  Q  U  d
Height Gas Rate Diameter Depth
mm mm/s mm mm
125
/
0..75 ; 32 ’
i
225
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
T ime 
mins
Foama te 
Volume 
mis
Foamate
Concent.
g / m 3
292 165 470 0 0 0
5 7.80 690
15 23.25 720
15 17.10 700
20 13.70 1200
200 30 13.55 1020
73 0 87% 30 6.15 1020
Run N o . Bulk 
Concent. 
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(6 5mm Equiv)
292 470 1.47 1.56 8.55
292 460 1.57 1.55 8.50
. 292 414 1.69 1.14 6.30
292 372 3.22 0.68 3.74
292 263 3.88 0.45 2.47
292 148 4.05
-
0.21 1.13
TABLE 14
Op erating Conditions Foam Column 
Height 
mm
Superficial 
Gas Pate 
mm/s
Cell
Diameter
mm
Liquid , 
Depth 
mm
175 0.75 32 225
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample
Time
mins
Foamate
Volume
mis
Foamate
Concent.
g / m 3
289
t
174 500 0 0 0
5 6.45 945
15 13.85 • 1150
20 13.55 1240
30 14.10 1500
30 8.00 2075
30 6.55 3120
88 15 117% 15 0.90 2890
TABLE 14a
Run N o . Bulk 
Concent. 
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
289 500 1.89 1.29 7.05
289 482 2.38 0.93 5.06
289 422 2.93 0.68 3.72
289 343 4.36 0.47 2.58
289 214 9.68 0.27 1.47
289 87 - 0.20 1.20
o
TABLE 15
Operating Conditions Foam Column Superficial Cell Li qu id
Height Gas Rate Diameter Depth
mm mm/s mm mm
175 1.0 32 225.
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample
Time
mins
Foamate
Volume
mis
Foamate 
.Concent. 
g / m 3
293 175 - 470 0 0 0
5 16.15 785
10 33.25 730
10 28.40 715
15 25.10 700
15 16.55 655
48 70 110 °i 20 0.65
TABLE 15a
Run N o , Bulk 
Concent. 
g/m3 •
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
mi/min
Volume Rate 
of Foamate 
Production 
(65mm Equi/J
r  293 . 470 1.67 3.23 17.7
293 438 1.66 3.32 18.2
293 360 1.98 2.84 15.6
293 259 2.72 1.68 9.2
293 101 6.44 1.10 6.00
7
0.03 0.20
TABLE 16
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
inm/s
Cell
Diameter
mm
Liquid
Depth
mm
75 0.75 65 225
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
T ime 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g/m 3
122 1000 460 0 0 • o
(410) 15 116 760
(330) 15 128 620
10 79 650
(260) 10 58 64 5
(200) 15 62 775
395 (120) 97% 20 57 820
140 1010 265 0 0 0
15 112 555
(180) 15 87 575
15 63 675
20 50 730
- ' 20 38 860
*
605 35 102% 20 10 1600
TABLE 16a
Run N o . Bulk
Concent
g/m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
122 448 1.69 7.75
122 404 1.53 8.50
122 364 1.78 7.88
122 328 1.96 5.81
122 7 f296 2.61 4.14 ‘
140 263 2.11 4.13
122 236 3.46 2.87
140 225 2.54 3.32
140 188 3.58 2.82
TABLE 17
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid . 
Depth 
mm
125 0.75 65 225
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B. . 
Check
Sample 
Time • 
mins"
Foamate
Volume
mis
Foamate 
Concent. 
g / m 3
128 985 520 0 0 0
15 146 870
15 101 870
430 15 88 860
15 71 855
330 15 50 910
15 43 925
395 150 1071 20 39 1090
143 1015 290 0 0 0
10 84 595
15 71 750
210 15 63 800
20 47 1050
20 29 1235
' 665 80 1111 20 11 2055
TAliLb 17a
Run N o . Bulk 
Concent. 
g /m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
$ 128 521 1.67 9.73
128 461 1.89 6.73
128 405 2.12 5.89
128 343 2.48 4.71
143 309 1.92 8.41
143 284 - 2.64 4.72
128 281 3.24 3.35
143 245 3.25 4.21
128 221 4.18 2.85
143 202 5.20 2.35
128 159 6.83 1.95
143
j
1
148 . 8.29 1.44
TABLE 18
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/’s
Cell
Diameter
mm
Li qLi id ’ 
Depth 
mm
175 0.75 65 225
Run No. Bulk
Volume
mis
Bulk
Concent.
g / m 3
M.B.
Check
Sample 
Time 
mins !
Foamate
Volume
mis
Foamate
^Concent.
g/ m 3
124 1020 -1960 0 0 0
20 62 3140
is: 151 2420
1870 15 140 2240'
15 120 2150
1430 15 70 2280
15 26 3325
335 1220 97% 15 23 3395
125 970 620 0 0 0
! *20 80 1340
15 71 1220
15 53 1280
15 50 1200
610 355
•9
107% 15 48 1440
144 1015 w 0 0 0'— '
15 98 735
15 81 740
240 15 59 * 840
15 34 1160
20 35 1260
640 80 107% 20 22 1580
TABLE 18a
Run N o . Bulk 
Concent * 
g/m"
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
124 1920 1.63 3.10
124 1844 1.31 10.04
124 1736 1.28 9.30
124 1630 1.31 7.97
124 1517 1.50 - 4.66
124 1405 2.36 1.70
124 1296 2.62 1.54
125 580 2.30 4.05
125 513 2.38 4.72
125 451 2.83 3.56
125 394 3.04 3.30
144 348 2.11 6.51
125 338 4.14 3.17
144 307" 2.40 5.42
144 265 3.17 3.92
144 222 5.21 2.29
144 178 7.04 1.74
144 125 12.5 1.07
TABLE 19
Operating Condition: Foam Column
Height
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liqu:d 
Depth 
mm
27 5 0.75 65 225
.Run No. Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample
Time
mins
Foamate
Volume
mis
Foamate 
Concent. 
g/m 3
-r.........
• 126 985 940 0 0 0
15 43 2120
15 71 1640
• 15 70 1590
705 15 61 1575
15 49 1575
580 15 46 1540
15 36 1645
410 410 103% 15 36 1540
127a 1000 465 0 0 0
15 53 1100
15 39 1320
300 15 34 1310
15 25 1600
235 15 14 2030
15 10 2520
720 90 88 % 20 69 4300
147 1015 .325 0 0 0
15 39 1235
15 31 1380
• 235 15 20 1920
195 15 12 2635
860 190 1091 20 10 3130
TABLE 19a
Run N o . Bulk 
Concent.
g /m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
126 928 2.28 2.89
126 874 1.87
4.72
'* 126 ' 811 1.95 4.61
126 744 2.11 4.07
126 676 2.32 3.23
126 613 2.51 3.04
126 547 3.00 2.42
126 482 3.19 2.43
127a 441 2.49 3.55
127a 403 3.27 2.63
127a 364 3.59 2.28
147 351 3.51 2.58
127a 326 4.89 1.63
147 316 ' 4.35 2.08
127a 290 6.99 0.94
147 281 6.81 . 1.31
127a 260 9.66 0.68
147 246 10.67 0.76
127a 232 17.76 0.35
147 217 . 14.42 0.47
TABLE 20
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Li qu id 
Depth 
mm
75 0.75 120 225
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
T ime 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g / m 3
183 2369* 572 0 0 0
15 556 730
15 562 645
15 469 560
170 951 .15 369 520
248 2490 480 0 0 0
10 355 675
10 373 600
10 370 565
10 344 505
10 313 445
10 195 440
440 60 95% 5 76 4 55
Run N o . Bulk 
Concent. 
g/m"
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
183 572 1.27 37.06 10.00
183 524 1.23 37.46 10.10
248 480 1.41 35.50 9.57
183 468 1.19 31.26 8.45
183 414 1.26 24.60 6.65
248 414 1.36 37.00 10.00
248 374 1.35 34.40 9.27
248 332 1.34 31.30 8.45
284 1.55 .19.50 5.25
227 2.00 15.20 4.10
TABLE 21
Operating Conditions Foam Column Superficia1 Cell Liquid
Height Gas Pate Diameter Depth
mm mm/s mm mm
125 0.75 120 22 5
Run N o . Bulk
Volume
mis
Bulk
Concent
g/m3
M.B.
Check
Sample 
T ime 
mins
Foamate
Volume
mis
Foama te 
Concent. 
g / m 3
184 2360* • 574 0 0 0
15 383 840
15 420 760
15 356 695
15 384. 500
535 100 981 20 298 580
191 2423* 271 0 0 0
15 293 600
15 284 535
15 238 515
1360 45 96i 20 205 580
i
tr 
M
'
TABLE Zla
Run N o . Bulk 
Concent.
g/ro3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/inin
Volume Rate 
of Foamate 
Production 
(65mm EouivJ
184 ' 574 1.46 25.53 6.88
184 523 1.45 28.00 7.54
184 459 1.52 23.73 6.40
184 389 1.29 25.60 6.90
184 336 1.73 14.90 4.02 '
191 271 2.21 19.53 5.27
191 226 2.37 18.93 5.11
184 196 4.89 - -
191 178 2.89 15.80 4.26
191 129 4.50 10.25 2.77
TABLE 22
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Pate 
mm/s
Cell
Diameter
mm
Liquid
Depth
mm
175 0.75 120 225
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample
Time
mins
Foamate
Volume
mis
Foamate
Concent.
g/m3
185 2389* 588 0 0
ii
o
r 15 289 1010
435 15 328 870
15 309 800
15 303 725
20 313 700
680 130 1021 20 104 780
192 2402* 216 0 • 0 0
15 257 595
15 218 600
20 193 670
1635 . 60 1241 20 55 2670
TABLE ZZa
Run N o . Bulk
Concent.
g /m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
185 588 1.72 19.20 5.19
185 530' 1.64 21.87 5.89
185 467 1.71 20.60 5.55
185 396 1.83 20.2 5.44
18 5 310 2.26 15.60 4 .20
192 216 2.75 17.21 4.64
192 171 3.51 14.58 3.93
185 167 4.68 5.23 1.41
192 123 5.46 9.68 2.61
TABLE 23
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s'
Cell
Diameter
mm
Liquid ’ 
Depth 
mm
f
225 0.75 120 225
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
/
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate
Concent.
g/m 3
186 2485* 565 0 0 .0
15 207 1120
550 15 308 940
15 254 .840
15 227 825
20 234 885
915 230 113% 30 209 1020
251 2490 477 0 0 0
10 197 925
15 302 820
15 215 875
195 20 206 960
* 25 180 1060
20 89 1240
• ■
1200 60 103% 15 15 2185
TABLE 23a
Run N o . Bulk 
Concent. 
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
186 565 1.98 13.80 3.73
186 513 1.83 20.50 5.54
251 477 1.93 19.70 5.30
186 444 1.89 16.93 4.57
251 439 1.87 20.13 5.43
186 383 2.15 15.13 4.08
251 381 2.29 14.33 3.86
251 321 2.99 10.30 2.77
186 313 2.83 11.70 3.16
251 237 4.59 7.20 1.94
186 200 5.11 6.97 1.89
251 131 9.45 4.45 1.20
251 55 39.43 1.02 0.27
TABLE 24
Operating Conditions Foam Column 
Height, 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
—
Liqu id 
Dept!)
' mm
275 0.75 120 225
Run No. Bulk / 
Volume 
mis
Bulk , 
Concent7. 
g / m 3
■ M.B. 
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
.Concent. 
g/m3
187 2387*;
/
562 0 0 0
15 204 1035
15 267 950
360 15 298 830
15 250 770
20 250 805
900 • 180 105$ 30 137 1065
189 2418* 224 o 0 0
10 111 800
20 159 970
30 161 1080
•
1885 30 102$ 30 35 2085
TABLE 24a
Run N o . Bulk
Concent.
g / m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
187 562 1.84 13.60 3.67
187 518 1.83 17.80 4.81
187 458 1.81 19.86 5.36
187 389 1.98 16.66 4.50
187 320 2.52 12.50 3.37
189 220 3.64 11.10 3.00 ’
189 192 3.64 8.00 2.16
189 134 8.08 5.36 1.45
TABLE 2 5
Operating Conditions Foam Column Superficial Cell Liquid \
Height Gas Rate Diameter Depth
mm mm/s mm mm
75 1.0 65 ' 225
Run No. Bulk
Volume
mis
f
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g /m 3
135 1000 1880 0 0 0
10 314 2140
360 1620 101 i 10 316 1925
134 975* 530 0 0 0
10 207 730
15 256 670
15 175 620
210 160 106% 15 115 615
141 991* 290 0 0 0
10 171 450
10 128 470 .
15 146 465
15 8 5 520
405 70 101% 25 28 755
TABLE 2 5a
Run N o . Bulk
Concent
g/i»3
Enrichment
Ratio
Volume Rate | 
of Foamate 
Production: 
ml/min
135 1843 1.16 31.42
135 1706 1.13 31.61
134 514 1.42 20.68
134 456 1.47 17.06
134 350 1.77 11.69
141 288 . 1.56 17.13
141 254 1.85 12.82
141 214 2.17 9.77
134 210 2.93 7.63
141 147 3.53 5.67
141 78 9.66 1.11 :
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid' 
Depth 
mm
175 1.0 65 225
Run N o . Bulk 
Volumq 
mis ;
; Bulk 
Concent. 
g/ m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g / m 3
131 989*
/
1835 0
15
20
0
424
225
0
2060
1885
250 1590 102% 10 160 1740
130 977* 530
380
180
0
10
15
15
15
15
0
129
206
165
114
57
0
870
730
710
650
745
t
265 80 105% 15 5 1750
TABLE 26a
Run No. Bulk
Concent:.
g/m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
131 1791 . 1.51 28.2
131 1589 1.19 22.5
131 1392 1.25 16.0
130 514 1.69 12.9
130 459 1.59 13.7
130 373 1.90 11.0
130 256 2.53 7.58
130 133 5.57 3.80
TABLE 2 7
Operating Conditions Foam Column Superficia1 Cell Liquid
Height Gas Rate Diameter Derth
mm mm/s mm mm
225 1.0 65 225
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g /m3
M.B.
Check
Sample 
T ime 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g/m3
133 1000 625 0 0 0
10 116 970
15 180 825
435 15 135 800
> 15 77 965
230 15 54 99 5
15 20 1625
365 105 91% 15 2.75 4620
146 1015 325 0 0 0
15 145 670
15 110 725
180 15 58 1000
15 ’ 43 940
600 40 1031 20 12 2240
TABLE 2 7a
Run No. Bulk 
Concent.
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate; 
Production 
ml/min
133 603 *1.61 11.61
133 554 1.49 11.96
133 485 1.65 8.97
133 412 2.34 5.15
133 325 3.05 3.61
146 322 2.08 9.67
146 264 2.74 7.32
133 243 6.67 1.32
146 197 5.06 3.88
133 178 25.87 0.18
146 130 7.18 2.87
146 78 28.98 0.59 . ■
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liqu id ’ 
Depth 
mm
325 1.0 65 225
Run N o . Bulk 
• Volume 
mis
Bulk 
Concent. 
g / m 3
/
M.B.
Check
Sample 
Time . 
mins
Foamate
Volume
mis
Foamate
Concent.
g/m 3
142 1020 455 0 0 o
15 123 925
15 126 810
15 86 860
15 52 1025
550 120 103V 20 31 1590
TABLE 2 8a
Run No. Bulk
Concent;.
g/m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
142 449 2.06 8.20
142 384 2.11 8.42
142 315 2.73 5.74
142 245 .4.17 3.45
142 181 8.77 1.53
TABLE 29
Op erating Conditions Foam Column 
Height 
mm
Superficial 
Gas Kate 
mm/s
Cell
Diameter
mm
Liquid’ 
Depth 
mm
75 1.00 120 225
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
miris
Foamate
Volume
mis
Foamate
Concent,.
g/ m 3
193 2395* 359 0 0 0
10 620 505
10 605 440
10 441 420
395 80 105 % 15 326 380
TABLE 29a
Run No. Bulk 
Concent.
g/»'3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
f6 5mm Equiv)
193 359 1.41 62.1 16.8
193 308 1.43 60.5 16.3
193 240 1.75 44.1 11.9
193 131 2 .91 21.7 5.86
TABLE 30
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
L i c ii i d 1 
Depth 
mm
175 1 .00 120 225
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
T ime • 
mins
Foamate
Volume
mis
Foamate
Concent..
g / m 3
194 2382* 360 0 0 0
15 448 670
240 15 375 625
15 277 640
15 158 690
85 1081 15 18 1120
TABLE 30a
Run N o . Bulk
Concent
g/m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equivf
194 360 1.86 29.86 8.06
194 288 2.17 25.00 6.75
194 207 3.09 18.46 4.98
194 113 6.09 10.53 2.85
TABLE 31
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid
Depth
mm
275 1.00 120 225
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time - 
mins
Foamate
Volume
mis
Foamate 
.Concent. 
g/m 3
195 ■ 2380* 366 0 0 0
15 449 620
15 449 580
20 410 560
960 165 111% 20 49 1035
TABLE 31a
Run N o . Bulk 
Concent. 
g/m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equivj
195 366 1.69 29.9 8.06
195 307 1.88 30.0 8.11
195 224 2.50 20.5 5.53
195 95 10.86 2.5 : 0.66
TABLE 32
Operating Conditions Foam Column 
Height 
mm
------
•Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid’ 
Depth 
mm
75 0.5 32 450
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
T ime . 
mins
Foamate
Volume
mis
Foamate
Concent,.
g/m3
275 348 510 0 0 0
10 11.00 990
10 8.45 995
15 10.67 995
15 11.12 975
15 9.39 980
20 10.93 995
276 390 981 10 5.00 995
281 342 410 0 0 0
5 8.38 790
15 15.44 820
*
15 13.40 805
20 15.51 805
350 25 14.08 910
*
258 300 99% 10 5.25 92 5
Run N o . Bulk 
Concent. 
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
275. 510 1.95 1.10 6.10
275 495 2.01 0.84 4.63
275 482 2.06 0.71 3.92
275 465 2.10 0.74 4.08
275 446 2.20 0.63 3.44
275 429 2.32 . 0.54 3.00
281 410 1.93 1.67 9.20
275 407 2.44 0.50 2.75
281 400 2.04 1.02 5.61
281 380 2.12 0.89 4.90
281 361 2.23 0.76 4.24
281 337 2.70 0.56 3.89
281 308 3.00 0.53 2.89
TABLE 33
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid - 
Depth 
mm
125 0.5 32 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
T ime • 
mins
Foamate
Volume
mis
Foamate 
Concent. 
V g/m 3
263 355 490 0 0 ' 0
10 8.52 1170
15 11.45 1050
20 16.01 1020
20 13.88 1050
> 30 15.06 1160
30 7.72 1705
262 35 0 105% 20 ' 4.48 1695
276 344 365 0 0 0
15 4.36 1605
20 8.52 1240
20 8.86 118 5
30 10.97 - 1310
25 6.36 1650
* " 25 4.73 2040
292 215 105% 25 3.80 2100
TABLE 33a
Run No Bulk 
Concent. 
g/m3
263
263
263
263
263
276
263
263
263
263
263
263
263
490
473
453
425
397
365
356
349
326
302
267
238
209
Enrichment
Ratio
2.39 
2.22 
2.25 
2.47 
2.93
4.40 
4.77
3.55 
3.63 
4.33 
6.17
8.56 
10.00
Volume Rate 
of Foamate 
Production 
ml/min
0.85
0.76
0.80
0.69
0.50
0.29
0.26
0.43
0.44
0.37
0.25
0.19
0.15
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
4.69
4.20
4.40 
3.89 
2.76 
1.60 
1.42 
2.35 
2.44 
2.01
1.40 
1.04 
0.85
TABLE 34
Operating Conditions Foam Column 
Height 
mm
■Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
-1
Liquid ' 
Depth 
mm
175 0.5 32 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g/m3
285 347 455 0 0 0
15 4.94 1280
•
20 . 6.8 2 1160
30 10.27 1300
30 8.52 1640
30 6.31 2000
360 1091 15 2.87 2160
292
274 349 420 0 0 0
30 10.93 1695
30 11.52 1470
30 10.15 1580
296 ; 350 112% 15 3.89 1710
277 348 330 o 0 0
20 3.82 1940
25 4.12 2540
318 230
• •
1181 25 2.82 3220
TABLE 34a
Run N o . Bulk 
Concent. 
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min‘
Volume Rate 
of Foamate . 
Production 
(65mm Etuiiv)
285 455 .2,81 0.33 1.76
285 443 • 2.61 0.34 1.87
•285 428 3.03 0.34 1.87
274 421 4.02 0.36 2 . 00
285 401 4.09 0.28 1.56
274 378 3.88 0.38 2.11
285 367 5.44 0.21 1.16
277 339 3.65 0.47
, 274 338 4.67 0.34 1.86
285 334 6.45 0.19 1.06
277 327 5.92 0.19 1.06
277 309 8.21 0.16 0.90
274 296 5.76 0.26 1.43
277 282 11.41 0.11 0.64
277 257 . 11.76 0.11 0.64
277 234 13.62 0.11 0.64
TABLE 35
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid - 
Depth 
mm
225 ‘ o C-n 32 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g/ m 3 ’
260 . 360 550 0 0 o
15 7.82 1335
20 14.80 1300
20 10.62 1960
30 13.53 1920
30 7.32 2750
278 400 1161 25 4.94 3215
TABLE 3Sa
Run N o . Bulk 
Concent. 
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
260 550 2.42 0.52 2.87
260 533 2.43 0.74 4.08
260 499 3.93 0.53 2.92
260 451 4.26 0.45 2.48
260 386 7.11 0.24 1.34
260 329 9.75 0.20 1.0
TABLE 36
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid . 
Depth 
mm
275’ 0.5 32 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time . 
mins
Foamate
Volume
mis
Foamate 
Concent.
» / 3
g/-m
266 . 377 ’ 462 0 0 0
20 1.71 5580
20 2.91 3915
30 5.76 2825
30 5.38 2900
30 4.26 2720
.336 355 1121 30 2.73 3815
267 371 350 0 0 0
30 2.12 5115
30 2.33 5040
30 1.75 5830
351 280 116% 45 1.70 8560
TABLE 36a
Run N o . Bulk 
Concent. 
g/m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
f65mm Equiv)
266 462 •12.05 0.09 0.47
266 434 8.92 0.15 0.80
266 411 6.87 0.19 1.05
266 373 7.78 0.18 0.99
267 338 15.12 0.07 0.40
266 334 8.14 0.14 0.78
267 3 H 16.22 . 0.08 0.42
266 305 10.44 ' 0.09 0.50
267 280 20.87 0.06 0.32
267. 253 33.78 0.04 0.21
TABLE 37
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid
Depth
mm
75 0.5 65 450
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate
Concent.
g/m3
208 1950 475 0 0 0
15 123 840
20 155 800
440 20 148 800
20 144 715
1205 .345 105! 20 133 705
210 1920 335 0 0 0
15 126 670
20 127 700
20 120 680
1335 230 106! 35 180 645
TABLE 37a
Run No. Bulk 
Concent. 
g/i"3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
208 469 1.79 8.2
208 444 1 .80 7.75
208 411 1.95 7.35
208 373 1.91 7.2
208 337 2.09 6.6
210 332 2.01 8.4
210 309 2.26 • 6.35
210 278 2.44 6.0
' 210 247 2.61 5.14
TABLE 38
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Ceil
Diameter
mm
Liquid
Depth
mm
175 0 .5 65 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
^Foamate 
Concent. 
g/m 3
216 1980 490 0 0 0
15 81 1040
20 85 1075
20 72 1160
30 97 1075'
30 84 1140
1340 280 1041 50 147 980
• 209 1985 475 0 0 0
15 90 975
20 106 960
20 100 955
30 127 905
1041 30 103 945
1295 265 50 117 1040
202 1985 456 0 0 0
15 44 1190
* * 20 65 1120
20 60 1155
330 30 87 970
30 79 1010
• • 1425 285 1021 40 106 960
205 1985 295 0 0 0
15 60 910
20 ' 67 950
• 20 55 1005
225 30 62 , 107 5
40 70 1140
1935 95 1001 40 56 1210
TABLE 38a
Run No. Bulk 
Concent.
g/ ™ 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
216 479 2.. 17 5.40
209 . 474 2.06 6.00
216 455 2.36 4.30
209 450 2.14 5.30
202 448 2.66 2.93
216 425 2.73 3.60
202 431 2.60 •3.25
209 419 2.28 5.00
202 406 2.85 3.00
216 394 2.73 3.23
209 387 2.34 4.23
202 380 2.55 2.90
216 354 3.22 2.80
202 349 2.90 2.64
209 344 2.75 3.43
202 315 3.04 2.65
216 311 3.15 2.94
209 301 3.45 2.34
205 278 3.28 4.00
205 257 3.69 3.35
205 231 4.,34 2.75
205 207 5.19 2.07-
205 176 6.50 ‘ 1.75
205 134 9.04 1.40
TABLE 39
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid * 
Depth 
mm
225 0.5 65 4 50
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
Concent.
V g/m3
243 1985 470 0 0 0
15 64 1180
375 20 88 1015
20 75 1020
300 20 64 1065
* 20 49 1180
20 42 1300
1505 240 901 20 38 1290
206 1951* 292 0 0 0
15 60 940
20 74 930
20 65 970
30 84 • 900
40 96 960
1450 120 111% 40 79 1060
\
TABLE 39a
Run N o . Bulk 
Concent.
g / * 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
243 470 2.51 4.27
243 446 2.28 4.40
243 419 2.44 1.75
243 407 2.62 3.20
243 383 3.08 2.45
243 359 3.61 2.10
243 335 3.85 1.90
206 284 3.31 4.00
206 236 4.11 3.25
206 209 4.31 2.80
206 174 5.51 2.40
206 126 8.41 1.95
TABLE 40
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid
Depth
mm
275 0.5 65 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g /m3
207 1921* 473 0 0 0
15 71 1100
440 20 90 1055
20 81 1060
350 30 106 990
45 118 1080
260 1041 45 97 1080
226 1973* 236 0 0 0
15 17.2 2075
20 25.0 1845
155 30 26.0 2.2 70
45 29.3 2500
-■
80 93% 50 31.2 * 2400
TABLE 40a
Run N o . Bulk 
Concent.
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
207 473 2.32 4.67
207 450 2.34 4.50
207 419 2.53 4.05
207 388 ' 2.55 3.53
207 347 3.11 2.62
207 288 3.75 2.16
226 237 8. 76 1.15
226 221 8.36 1.25
, 226 199 11.38 0.87
• 226 171 14.60 0.65
226 135 17.80 0.62
Op erating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/ s
Cell
Diameter
mm
Liquid
Depth
mm
75 0.5 120 450
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g/m3
M.B.
Check
Sample 
T ime • 
mins
Foamate
Volume
mis
Foamate 
Concent.. 
g/m3
196 4835* 422 o 0 0
20 364 810
20 438 715
30 639 632
2760 312 1091 30 618 580
198 4878* 261 0 0 0
15 307 570
250 20 390 528
20 367 505
20 316 485
302 5 130 101% 30 423 480
t a b l e dl3
Run N o . Bulk 
Concent. 
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate ' 
of Foamate 
Production 
(65mm Equiv).
196 422 1.92 18.2 4.92
196 390 1.83 21.9 5.92
196 354 1.78 21.3 5.72
196 302 1.92 20.6 5.56
198 261 2.18 20.5 5.64
198 241 2.19 19.5 5.27
198 215 2.35 18.4 4.96
198 187 2.59 15.8 4.27
198 162 2.98 14.1 3.81
TABLE 42
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter 
. mm
Liquid• 
Depth 
mm
125 0.50 120 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate
Concent.
g/m3
197 4760* 453 0 0 • 0
20 308 885
20 351 815
20 392 715
310 • 30 545 610
2490 245 1011 40 625 600
200 4846* 266 o o 0
15 227 722
20 325 645
30 440 590
30 407 525
30 367 500
. ■
2 740 70. 1061 30 286 520
TABLE 42a
Run N o . Bulk 
Concent. 
g /*3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
197 - 453 1.95 15.4 4.16
197 423 i . 93 17.6 J 4.75
197 : 390 1.84 19.6 5.29
197 355 1.72 18.2 4.90
197 311 1.93 15.6 4.23
200 266 2.72 15.2 4.10
200 243 2.65 16.3 4.40
200 . 212 2.77 14.7 3.96
200 170 3.09 13.6 3.67
200 128 3.92 12.2 3.31
200 84 6.24 •*. 9.5 2.58
TABLE 43
Operating Conditions 1 Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
i
Liquid ’ 
Depth 
mm
175 0.50 120 450
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
T ime ■ 
mins
Foamate
Volume
mis
Foamate 
Concent.
g / m 3
218 4990 490 0 0 0
15 293 980
20 419 890
20 404 825
20 422 760
2675 280 1031 30 695 645
212 4985 293 0 0 0
15 342 775
270 20 406 800
20 348 720
30 420 700
2965 80 i m 30 419 . 595
21.1 4944*. 164 - 0 0 0
•V 10 184 725
* 20 232 885
80 30 330 7 5.5
30 212 890
40 120% 30 18 2530
TABLE 43a
Run N o . Bulk
Concent
g/m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
218 490 2.00 19.5 5.25
218. 460 1.94 20.9 5.65
218 417 1.98 20.2 5.45
218 374 2.03 21.1 5.70
218 327 1.96 23.2 6,26
212 293 2.64 22.8 6.15
212 257 3.10 20.3 5.50
212 205 3.50 17.4 4.70
211 164 4.42 18.4 4.98
212 159 4.38 14.0 3.56
211 142 6.22 11.60 3.14
> 211 104 7.24 11.0 2.98
• 212 94 6.29 14.0 3.56
211 53 16.74 7.0 1.91
TABLE 44
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liqu id 1 
Depth 
mm
225 0.5 120 4 50
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g / m 3
217 4990 490 0 0 0
15 304 1005
415 20 361 990
. 20 340 965
30 515 855
2445 265 1051 30 530 740
213 4985 292 0 0 0
15 259 945
20 369 7 75
20 310 755
30 378 •745
* 3265 i 8P * 1101 40 553 825
TABLE 44a
Run N o . Bulk
Concent.
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
217 490 2.05 20.3 5.46
217 457 2.17 18.1 4. 88
217 412 2.34 17.0 4.59
217 365 2.34 17.1 4.64
217 292 2.53 17.7 4.77
213 291 3.24 17.3 4.66
213 256 3.03 18.5 5 . 00
213 212 3.57 15.5 4.20
213 170 4.38 12.6 3.40
213 110 7.44 8.8 2.48
TABLE 45
Operat ing Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid ] 
Depth 
mm
275 0.50 120 450
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g/m'3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g / m 3
215 4990 490 0 0 0
15 238 1265
20 405 985
440 20 327 1050
35 448 1005
. > 3100 235 1061 35 378 980
214 4985 292 0 0 0
15 226 1035
20 306 885
20 196 1060
40 318 1110
3570 110 1211 40 251 1200
TABLE 4 5a
Run No. Bulk 
Concent. 
g/m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
215 490 • 2.58 15.9 4.28
215 451 2.18 20.3 5.47
215 402 2.62 16.4 4.41
215 349 2.88 12.8 3.45
214 292 3.55 15.1 4.06
215 267 3.68 10.8 2.92
214 256 3.45 15.3 4.12
214 214 4.97 .9.8 2.64 '
214 175 6.36 • 7.9 2.14
214 99 12.13 6.3 1.69
TABLE 46
Operating Conditions 1 Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
-r
Liquid'
Depth
mm
7 5 0.50 175 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
T ime . 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g / m 3
153 11,545* 486 0 0 • ‘0
15 270 985
15 630 825
15 . 730 760
15 690 685
20 915 615
20 790 615
5460 255 90% 20 685 655
155 10,740* 247 0 0 0
15 481 660
15 492 615
15 487 545
15 513 505
i 20 639 505
• 20 616 520
7040 120 109% 20 295 540
TABLE 46a
Run N o . Bulk 
Concent.
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate , 
of Foamate 
Production 
(65mm Fquiv)
153 446 " 2.21 18.0 2.51
153 • 432 1.91 42.0 5.85
153 407 1.86 48.6 6.70
153 380 1.80 46.0 6.40
153 356 1.73 45.8 6.37
153 324 1.90 39.5 5.50
153 291 - 2.25 34.3 4.7 7
155 168 3.92 32.1 4.46
155 145 4.24 32.8 4.58
155 121 4.48 • 32.4 4.52
155 99 5.09 34.2 4.75
155 75 6.68 32.0 4.44
TABLE 47
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Lieu id’ 
Depth 
mm
175 0.5 175 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate 
Volume 
ml s
Foamate
Concent.
g / m 3
160 11,000 363 0 0 0
15 559 950
15 620 715
15 630 610
15 456 690
20 607 655
20 581 615
20 550 600
5990 135 891 30 737 570
TABLE 47a
Run No. Bulk 
Concent. 
g/i"3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
160 , 363 2.61 37.3 5.17
160 331 2.15 41.3 5.75
160 307 1.98 42.0 5.85
160 287 2.41 30.4 4.22
160 266 2.47 30.4 4.22
160 236 2.60 29.0 4.04
160 207 2.90 27.5 3.83
160 176 3.23 24.6 3.41
TABLE 48
Operating Conditions 1 Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liqu id• 
Depth 
mm
275 0.5 175 450
Run No. Bulk
Volume
mis
Bulk 
Concent.
g/m3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g/m3
157 11,000* 585 0 0 • ;o
15 174 1970
15 324 1560
15 406 1240
15 518 945
20 685 870
20 670 795
6750 358 96% 20 603 770
158 10,917* 335 0 0 o
15 385 1060
15 408 840
15 391 755
15 439 680
20 607 610
# 20 533 600
7165 125 97% 20 470 605
164 11,000 252 0 0 . 0
15 481 ‘ 775
15 505 635
15 431 685
1-5 473 635
20 594 600
20 482 595
7440 ' 85 1041 20 393 635
TABLE 48a
Run No. Bulk 
Concent. 
g /m3
Enrichment
Ratio
Volume Rate 
o £ Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
157 • 583 3.37 11.6 1.61
157 561 2.78 21.6 3.01
157' 530 2.34 27.1 3.78
157 502 1.88 34.5 4.81
157 477 1.82 34.2 4.77
157 447 1.78 33.5 4.66
157 418 1.84 30.2 4.19
157 391 1.99 29.1 4.04
157 358 2.01 29.2 4.05
158 313 3.38 25.7 3.58
158 285 2.94 27.2 3. 80
164 266 2.91 32.1 4.46 •'
158 263 2.87 26.1 3.63
158 243 2.79 29.3 4.08
164 242 2.62 33.6 4.69
158 223 2.73 30.3 4.62
164 221 3.09 28.7 4.00
164 199 3.17 31.5 4.37
158 196 3.06 26.6 3.70
164 176 . 3.41 29.7 4.14
158 169 3. 57 23.5 3.27
158 144 4.11 24.1 3.35
158 116 5.46 19.7 2.74
TABLE 49
Operating Conditions Foam Column 
Height 
mm
•Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid' 
Depth 
mm
75 0.75 32 450
Run N o . Bulk
Volume
mis
Bulk 
Conc*ent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g/m3
273 343 495 0 0 • 0
5 11.72 820
10 17.41 820
10 15.35 810
10 14.73 765
10 13.81 765
5 6.08 860
252 400 101% 5 6.31 770
278 339 410 0 0 0
5 12.08 720
10 14.96 760
10 15.07 690
10 13.78 705
10 12.37 715
5 6.22 720
254 270 911 5 5.66 7 50
280 341 255 00 0 0
5 10.05 655
t 15 19.89 605
190 • 15 14.82 670
IS 11.18 775
20 9.78 980
25 9.22 1155
20 6 .99 1140
• 240 85 109% 20 6.82 1155
TABLE.49a
Run N o . Bulk 
Concent, 
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
211' 495 1,66 2.34 12.90
111 483 1.70 1.74 9.56
111 464 1.74 1.24 8.45
111 447 1.72 1.47 8.09
111 430 -1.78 1.38 7*. 60
111 413 2.08 1.22 6.69
278 410 1.76 2.42 13.50
273 403 1.91 1.26 6.93
278 399 1.91 1.49 8.20
278 381 1.81 1.51 8.30
278 366 1.93 1.38 7.60
278 349 2.05 1.24 6.83
278 332 2.17 1.24 6.84
278 323 • 2.32 1.13 6.21
284 255 2.57 2.01 11.00
284 243 2.49 1.32 7.25
284 220 3.05 0.99 5.44
284 197 3.93 0.75 4.10
284 175 5.61 0.49 2.68
284 146 ; 7.91 0.37 2.03
284 111 10.26 0.35 1.92
284 83 • 13.£6 0.34 1.88
TAB1.E SO
Foam Column 
Height 
mm
■Superf icia 1 
Gas Rate 
mm/s
Cell
Diameter
mm
.
Liquid
Depth
mm
125 0.75 32 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time . 
mins
Foamate
Volume
mis
Foamate
Concent,.
g/m3
270 342 495 0 0 0
15 21.63 900
15 22.25 870
15 16.54 865
15 14.28 925
15 11.81 960
30 19.34 1030
222 280 100% 15 7.61 1155
280 339 290 0 0 0
5 40.00 1170
10 12.70 • 735
* 15 15.62 800
20 12.68 1040
30 6.75 2035
•' #
272 135 107% 35 5.69 2345
TABLE 50a
Run N o . Bulk
Concent. 
g/i"3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
f65mm Equiv)
2 70 495 1.82 1.44 7.94
270 468 1.86 1.48 8.15
270 438 1.98 1.11 6.11
270 413 2.24 0.95 5.23
270 385 2.49 0.79 4.34
270 359 2.87 0.64 3.54
270 304 3.80 0.58 3.79
280 290 4.03 . 0.88 4.84
280 2 78 2.64 1.27 7.00
280 260 3.07 1.04 5.71
280 233 4.47 0.63 3.48
280 198 10.28 0.22 1.24
280 155 15.15 0.16 0.89
TABLE 51
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/ s
Cell
Diameter
mm.
Liquid' 
Depth 
mm
175 0.75 32 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g/m3
■ M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g / m 3
271 360 475 0 0 • o
' 10 13.71 1000
I5 11.33 885
20 19.56 1005
30 19.33 1205
30 15.61 1265
30 11.69 1310
25 8.36 1455
238 260 1081 25 6.45 1699
287 349 275 0 o 0
10 5.98 .875
15 8.58 665
20 8.16 ‘ 915
30 8.50 1320
• 35 6.45 164U
296 100 82% 30 4.68 1900
272 362 250 P 0 0
» 15 7.20 1525
20 10.00 1525
f.. 20 7.64, 1755
250 70 30“ 9.78 1920
TABLE 5la
Run N o . Bulk 
Concent. 
g/m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
271 • 475 2.10 1.37 7.53
271 455 1.95 0.76 4.16
271 440 2.28 0.98 5.39
271 406 2.97 0.64 3.54
271 354 3.57 0.52 2.86
271 305 4.30 0.39 2.14
287 275 3.18 0.60 3.37
272 264 2.51 0.57 3.19
271 262 5.56 0.33 1.84
287 254 3.60 0.41 2.30
272 250 6.10 0.48 2.64
287 237 5.55 0.28 1.57
. 272 224 6.80 0.50 2.75
271 224 7.58 0.26 1.42
287 208 7.85 0.18 1.01
272 186 9.41 0.38 2.10
287 179 10.60 0.16 0.90
272 151 12.72 0.33
1.79
272 98 29.11 0.24 1.32
272 47 .62.56 0.18 1.00 ;
TABLE 5 2
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
■
Liquid’
Depth
mm
275 0.75 32 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g/m3
268 349 470 0 0 . • o
15 15.59 °1075
20 14.84 1280
25 11.50 1665
30 11.29 2000
40 11.88 2190
296 295 1131 15 3.98 1995
269 354 315 o 0 0
15 7.77 1605
20 7.62 1980
30 8.25 2615
30 6.67 3035
30 4.75 3270
- 25 3.09 3730
•
309 120 1301 25 2.76 4270 '
TABLE 52a
Run N o . Bulk 
Concent. 
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
268 470 2.29 1.04 5.65
268 ' 443 2.89 0.74 5.07
268 405 4.11 0.46 2.52
268 360 -5.56 0.38 2.06’
269 315 5.09 0.51 2.85
268 300 7.31 0.30 1.63
269 286 ’ 6.92 0.38 • 2.09
269 247 10.55 0.28 2.06
268 223 8.92 0.27 1.46
269 188 16.07 0.22 1.24
269 130 25.12 0.16 0.87
TABLE 53
Operating Conditions Foam Column 
■Height 
mm
r '
■Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid ’] 
Depth 
mm
75 0.75 65 450
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate
Concent..
g/m3
229 1985 493 0 0 * o
10 180 735
470 10 160 735
10 150 685
1255 405 103% 15 219 655
232 1985 338 0 0 0
10 145 590
300 10 136 560
10 124 420
10 119 490
1260 220 96% 15 176 465
245 1985 22-4 0 0 0
10 110 560
200 10 117 455
10 86 535
160 10 79 575
20 138 535
1350 ’ 115 106% 10 58 560>
235 1985 . 218 0 0 0
10- 128 480
160 10 117 445
10 101' 460
15 131 460
1 1310 85 92% 20 146 465
TABLE 53a
Run N o . Bulk 
Concent. 
g/i"3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
229 493 ■1.49 18.00
229 469 1.57 1.6.00
229 443 1.55 14.90
229 419 1.57 14.53
232 338 1.75 14.50
232 318 1.76 13,60
232 299 1.74 12.30
232 282 1.74 • 11.90
232 •265 1.76 11.73
245 225 2.49 11.00
235 218 2.20 12.80
245 205 2.21 11.70
235 200 2.22 11.70
245 188 2.84 8.60
235 184 2.50 10.10
245 176 3.37 7.90
235 167 2.76 8.73
245 151 3.56 6.90
235 141 3.29 7.25
245 . 114 4.91 "5.80
TABLE 54
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s.
Cell
Diameter
mm
•
Liqu id ' 
Depth 
mm
125 0.75 65 450
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
.Concent. 
g/m3
228 1985 . 490 0 0 • ’0
10 137 820
15 171 790
20 250 735
340 1051 30 324 685
231 1985 292 0 0 0
10 116 600
260 10 116 565
10 106 560
205 15 141 555
15 124 545
15 119 500
0 .
1060 •95 1001 20 160 480
TABLE 54a
Run No. Bulk 
Concent.
g/m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
228 490 1.67 13.70
228 467 1.69 11.40
228 434 1.70 12.45
228 381 1.79 10.77
231 292 2.06 11.60
231 273 2.07 11.50
231 254 2.21 10.60
231 234 2.38 9.40
231 204 2.68 8.26
231 173 2.89 7.93
231 143 3.38 8.00
TABLE 55
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid
Depth
mm
175 0.75 65 450
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
T ime - 
mins
Foamate
Volume
mis
Foamate
Concent.
g /m3
230 1985 482 0 0 • 0
10 148 775
15 222 715
20 268 680
20 231 645
850 260 1031 . 25 255 620
234 1985 239 0 0 0
10 98 620
200 15 141 585
15 115 605
140 15 100 605
20 125 600
1245 45 99% 20 122 520
#
->
. . .J
TABLE 5 5a
Run N o . Bulk
Concent
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
230 482 1.61 14.80
230 459 1.56 14.80
230 423 1.61 13.40
230 373 . 1.73 11.55
230 316 1.96 10.20
234 236 2.62 9.80
234 216 • 2.69 9.40
234 187 3.23 7.67
234 158 3.84 6.67
234 129 4.67 6.25
234 87 6.01 6.10
TABLE 56
Operating Conditions Foam Column 
Height 
mm
Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid’ 
Depth 
mm
225 75 65 450
Run No. Bulk
Volume
mis
Bulk
Concent.
g / m 3
M.B.
Check
Sample 
T ime • 
mins
Foamate
Volume
mis
Foamate
Concent,.
g / m 3
22 7 1985 492 0 0 0
15 152 : 900
440 20 204 820
20 176 : 820
340 30 234 775
30 224 : 720
665 120 107% 50 276 600
241 1985 229 0 0 0
15 175 510
20 193 465
20 139 520
- 20 102 600
#
1265 . 20 90% 15 69 620
TABLE 56a
Run N o . Bulk 
Concern:. 
g/m3'
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
227 492 1.83 10.07
227 458 1.79 10.20
227 412 1.99 8.80
227 363 2.13 7.80
227 285 2.53 7.43
241 229 2.22 11.67
241 202 2.30 9.65
. Ill 187 3.20 5.52
241 170 3.04 6.95
241 1-37 4.35 5.10
TABLE 57
Operating Conditions Foam Column 
Height 
mm
.........
•Superficial 
Gas Kate 
mm/s
Cell
Diameter
mm
Liqu id’ 
Depth 
mm
275 0.75 65 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time • 
mins
Foamate
Volume
mis
Foamate 
, Concent.
g/m3
233 1985 - • 436 0 0 0
15 182 745
20 227 720
340 20 185 740
20 164 705
30 216 675
750 70 100% 30 216 540
244 1985 250 0 0 0
10 75 820
10 83 695
15 109 675
165 15 89 730
20 104 735
•
1355 100 109% 20 97 715
TABLE 57a
Run N o . Bulk 
Concent. 
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
233 . 436 • 1.71 12.06
233 405 1.78 11.35
233 359 2.06 9.25
233 308 2.28 8.20
233 255 2.64 7.17
244 249 3.28 7.50
244 227 3.06 8.30
244 206 3.27 7.27
244 177 4.14 5.93
233 167 3.23 7.20
244 146 5.03 5.15
• 244 107 6.71 4.80
TABLE 58
Operating Conditions Foam Column 
Height 
mm
Superficia] 
Gas Rate 
mm/s
Ceil
Diametei
mm
Lieu id ’ 
Depth 
mm
75 0.75 120 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
T ime ■ 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g/m3
199 4860* 4 50 0 0 ■ 0
10 570 615
10 544 580
10 538 525
2875 340 96% 5 286 515
223 4990 366 0 0 0
5 300 575
5 287 535
10 610 485
3210 30 90% 20 563 450
224 4990 220 0 .0 0
5 212 , 605
5 238 445
10 503 400
10 442 380
3170 100 91% 10 374 380
TABLE 58a
Run N o . Bulk
Concent;
g/)-«3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
199 . 450 1.37 57.1 15.4
199 427 1.36 54.4 14.7
199 406 1.29 53.8 14.6
199 386 1.34 57.2 15.5
223 366 1.57 60.0 16.2
223 352 . 1.52 57.4 15.5
223 341 1.42 61.0 16.5
223 317 1.42 56.3 15.20
224 219 2.76 42.4 . 11.5
224 202 2. 20 47.6 12.9
*224 190 2.11 50.3 13.6
224 163 2. 33 44.2 12.0
224 137 2.78 37.4 10.1
TABLE 59
Condit:- ons Foam Column Superficiad Cell Liquid
Height Gas Rate Diameter Depth
mm mm/s . mm mm
125 0.75 120 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g /m3
M.B.
Check
Sample 
T ime 
mins
Foamate
Volume
mis
Foamate 
Concent.. 
g/m3
222 4990 492 0 0 0
5 261 805
10 536 720
10 577 660
2755 355 99% 15 801 660
225 4990 279 0 0 o
5 240 620
10 558 505
10 595 440
10 537 405
2490 125 96% 10 512 370
236 4990 439 0 0 0
10 524 740
■*
10 664 660
10 609 585
2595 305 104% 10 552 540
254 4990 256 0 0 0
10 469 555
10 _ 417 505
10 437 470
10 339 . 500
15 440 460
*
2670 135 116% 5 149 460
TABLE 59a
Run No. Bulk
Concent
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
222 492 1.62 52.2 14.1
222 477 1.51 53.5 14.5
222 446 ' 1.48 57.7 15.6
236 439 1.68 52.4 14.2
222 411 -1.60 53.4 14.4*
236 404 1.63 66.4 18.0
236 359 1.69 60.9 17.0
236 316 ‘ 1.71 55.2 15.0
222 325 2.03 51.2 13.8
225 295 2.10 48.0 . 13.0
225 279 1.81 55.8 15.1
254 256 2.16 46.9 12.6
225 249 1.77 59.5 16.1
254 225 . 2.25 41.7 11.3
225 217 1.87 53.7 14.5
254 196 2.39 43.4 11.7
225 184 2.01 51.2 13.9
254 164 3.05 33.9 9.2
254 130 3.54 29.3 7.9
254 80 5.78 29.8 8.1
TABLE’ 60
Operating Conditions Foam Column 
Height > 
mm
Superficia1 
Gas Rate 
mm/s
Cell
Diameter
mm
Liquid
Depth
mm
175 / 0.75 120 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g/m3
M.B.
Check
Sample 
T ime 
mins
Foamate
Volume
mis
Foamate 
Concent.. 
g/m3
221 ' 4990 401 0 0 0
' 10 420 745
10 414 660
15 428 605
20 911 505
1800 130 i o n 20 768 460
TABLE 60a
Run N o . Bulk
Concent
g/K-3
Enrichment
Ratio
Volume Rate 
o£ Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(6 5mm Iiquiv)
221 • 401 1.86 42.0 11.4
221 370 1.79 41.4 11.2
221 ' 341 1.78 41.8 11.3
221 294 1.72 45.6 12.4
221 220 2.09 38.4 10.4
TABLE 61
Operating Conditions Foam Colump 
Height 
mm
' Superficial 
Gas Rate 
mm/s
Cell
Diameter
mm
Liqu id
Depth
mm
225 0. 75 120 450
Run No. Bulk
Volume
mis
Bulk 
Concent. 
g/m3
M.B.
Check
Sample 
T ime 
mins
Foamate
Volume
mis
Foamate 
Concent. 
g/m3
219 4990 366 0 o 0
10 408 765
• 15 599 685
15 512 640
20 726 575
15 551 475
1650 65 1051 15 479 425
t a b l e fi1a
Run N o . Bulk 
Concent. 
g/m3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
■Volume Rate 
of Foamate 
Production 
(65mm Equiv)
219 366 2'. 09 40.8 11.0
219 . 330 2.07 39.9 10.8
219 277 2.31 34.1 9.2
219 223 2.58 36.3 9.8
219 130 3.65 36.7 9.9
219 43 9.74 31.9 8.6
TABLE 62
Operating Conditions Foam Column Superficial Cell Liquid
Height Gas Rate Diameter Depth
mm mm/s mm mm
275 0.75 120 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g /m3
M.B.
Check
Sample 
T ime 
mins
Foamate
Volume
mis
Foamate
Concent.
g/m3
255 4990 517 0 0 . 0
10 432 845
10 485 740
15 597 735
15 493 725
18 495 660
101% 2 66 625
220 4990 484 0 0 0
10 386 840
15 668 725
15 600 710
15 600 640
* * • 20 832 545
-
100 % 20 667 440
TABLE 62a
Run N o . Bulk
Concent
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
m1/min
Volume Rate 
of Foamate 
Production 
(65mm Iiquiv)
255 517 1.63 43.2 11.65
255 490 1.52 48.5 13.10
220 484 1.74 38.6 10.40
255 4 56 1.61 39.8 10.75
220 454 1.60 44.5 12.05
255 408 1.78 32.9 8.86
220 408 1.74 40.0 10.70
255 355 1.86 27.5 7.43
220 354 1.81 40.0 10.70
2 55 294 2.12 33.0 8.90
220 291 1.87 41.7 11.30
220 180 2.45 33.3 9.30
TABLE 63
Operating Conditions | Foam Column 
Height 
mm
Superficial 
Gas Rate 
inm/s
Cell
Diameter
mm
i
Liqu id] 
Depth 
mm
275 0. 75 175 450
Run N o . Bulk
Volume
mis
Bulk 
Concent. 
g / m 3
M.B.
Check
Sample 
Time . 
mins
Foamate
Volume
mis
Foamate
Concent.
g / m 3
165 11,000 360 0 0 o
10 879 580
. 15 1357 520
15 1283 495
15 1158 465
20 696 705
20 601 715
4,560 80 99% 20 210 1080
TABLE 63a
Run N o . Bulk
Concent. 
g / m 3
Enrichment
Ratio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate 
of Foamate 
Production 
(65mm Equiv)
165 360 1.64 87.9 12.22
165 335 1:55 90.5 12.55
165 . 306 1.61 85.5 11.90
165 274 1.69 77.2 10.78
165 239 2.94 34.8 ■ * 4.86
165 182 3.93 30.1 4.24
165 117 9.16 10.5 1.45
TABLE 64
Operating Conditions Foam Column Superficial Cell Liquid
Height Gas Rate Diameter Depth
mm mm/s mm mm
175 1.0 32 450
Run N o . Bulk
Volume
mis
Bulk
Concent
g / m 3
•
M.B.
Check
Sample
Time
mins
Foamate
Volume
mis
Foamate
Concent.
g/m3
288 351 500 0 0 0
5 9.68 1340
10 23.28 845
15 31.25 840
425 20 32.98 850
20 22.51 870
30 25.35 955
182 245 105% 10 6.61 1090
TABLE 64a
Run N o . Bulk
Concent
g/i"3
Enrichment 
Ra tio
Volume Rate 
of Foamate 
Production 
ml/min
Volume Rate . 
of Foamate 
Production 
(65mm Equiv)
288 500 2.68 1.94 o C
O CO
288 476 1.77 2.32 13.01
288 449 1.87 2.08 11.66
288 407 *2.09 1.64 9.20
288 349 2.49 1.13 6.34
288 298 3.20 0.85 4.76
288 217 5.01 0.66 3.70
TABLE 65
All Data at 225 mm Liquid Depth.
Opera
Gs
mm/s
ting Cond 
D
mm
ition
H
mm
s Data Points X 2 ICertainty
0.5 32 75:' 9 2.45 >97.5
125 6 7.10 10.0
175 5 11.47 10.0
Group Analysis 20 21.02 25.501
0.5 65 75 23 67.11 <10.0
125 6 2.21 >80.0
175 10 3.78 >90.0
225 7 15.82 <10.0
Group Analysis 46 88.92 <10.01
0.5 120 75 15 3.58 >99.5
125 .■ 16 11.57 >75.0
Group Analysis 31 15.15 99%
0.5 175 75 12
8.84 >70.0
(c>200 mly) 275 11
6.88 >75.0
Group Analysis 23 15.72 >7*5.01 :
0.75 32 75 7 0.18 >99.5
6 . 4.03 >50.0
5 0.19 >99.5
Group , Analysis 18 4.4 >99.5
TABLE 65 (Continued)
• Opera ting Condi tions Data Points X 2 ^Certainty
G D H
.
s
mm/s mm mm
0.75 65 75 10 0.38 >99.5
(c>200 jnly)
125 9 0.78 >99.5
175 10 4.56 90.0
275 16 17.59 30.0
Group Analysis 45 23.31 >99.5
0.75 120 75 13 1.81 >99.5
125 10 1.31 >99.5
175 9 0.41 >99.5
225 12 2.85 >99.0
275 8 0.45 >99.5
Group Analysis 52 6.83 >99.5
0.75 175 275 4 - 0.36 951
1.0 32 175 5 8.31 <10.0
1.0- 65 75 8 0.71 99.5
175 5 0.28 99.0
225 10 0.85 99.5
325 5 0.61 95.0
Group Analysis 28 . 2.45 >99. 5°^
1.0 12.0 75 4 1.01 75.0
175 4 0.02 >99.5
275 3 0.41 75.0
Group Analysis 
All Data Analysis
11
283
1.44
187.91
99.01
>99.5
TABLE 66
All Data at 450 mm Liquid Depth.
Oper?
Gs
mm/ s
iting Cone 
D
mm
^itions
H
mm
Data Points X 2 ^Certainty
20
14
15 
6
(8)
12.83 
4.43 
6.47 
3.29 . 
(84.44)
92.5 
. 99.25
95.0
60.0 
(<10.0)
0.5 32
omit
7 5 
125 
175 
225 
(275)
Group Analysis 55 27.02 95.01
0.5 65 75 9 0.20 >99.5
175 24 1.455 >99.5
omit (2-2 5) (12) (14.00) (>25.0)
275 6 1.50 92.5
Group Analysis 39 3.154 >99.5
0.5 120 75 9 1.49 >99.5
125 7 0.43 >99.5
175 13 5.80 92.5
225 . 10 0.49 >99.5
275 10 1.19 >99.5
Group Analysis 49 9.40 >99.5
0.75 32 75 18 0.23 >99.5
(c<20( 0 025 11 0.72 >99.5
(c<20(>) 175 12 2.28 >99.5
Group Analysis 41 3.23 >99.51
0.75 • 65 75 20 1.69 >99.5
125 11 0.10 >99.5
TABLE 66 (Continued)
Operating Conditions Data Points ^Certainty
G
s D
H
mm/s mm mm
175 11 1.49 >99.5
225 10 5.49 75.0
275 6 4.45 50.0
Group Analysis 58 13.22 >99.5
0.75 120 75 14 0.34 >99.5
125 14 0.38 >99.5
175 5 0.07 >99.5
225 • 6 0.17 >99.5
275 6 0.43 99.0
Group Analysis 45 1.39 >99.5
All Data Analysis 287 57.41 >99.5
TABLE 67
Confidence Limits of Design Equation at each 
Combination of Operating Conditions
Liquid Depth 450mm
Cell Superficial
Foam Column Height (mm)
Diameter
(mm)
Gas Velocity 
(mm/s) 75 ‘ 125
175 / 225 275
32 0.50 92.5 99.25 95.0/ 60.0 <10.0
0.75 >99.5 >99.5 >9 9 .5;
/
75.0 50.0
65 0.50 >99.5 >99.5
/
- >92.5
0.75 >99.5 >99.5 >99. S7/ 75.0
50.0
120 0.50 >99.5 >99.5 92.5/ >99.5 >99.5
0.75 >99.5 99.5 99.5/ 99.5 99.0
TABLE 68
Confidence Limits of Design Equation at each 
Combination of Operating Conditions
Liquid Depth 225mm
Cell
Diameter
(mm)
Superficial 
Gas Velocity
(mm/s)
Foam Col umn Height (mm)
75 125 175 225 275
32 0.50 >97.5 <10.0 <10.0 _ _
0.75 >99.5 50.0 >99.5 - -  -
1.00 - <10.0 - -
65 0.50 <10.0 >80.0 >90.0 <10.0 -
0.75 >99.5 >99.5 90.0 - 30.0
1.00 >99.5 - 99.0 99.5 95.0 
32 5mm
120 0.50 >99.5 75.0 - - . -
0.75 >99.5 99.5 99.5 99.0 . 99.5
1.00 75 - 99.5 - 75
1.75 0.5 70.0 - - - 75.0
0.75 ' — — — . — 95.0
TABLE 69
Foam Bubble Diameters
Run N o . Operat ing Conelitions Bulk Liquid 
Concent.
Mean Bubble 
Diameter
Standard
Deviation
Gs
mm/s
H
mm
D
mm g/m3 mm .
125 0. 75 175 65 600
580
390
1 .1 2 ,1.00
0.73,0.70
1 .0 0 ,1.10
1.17,1.37
1.40.0.79
2.65.0.65
126 0. 75 275 65 940
850
0.86,0.80 
0.73,0.70
2.73,0.35
1.15,1.20
129 0.50 175 65 475
410
0.73,0.70
1 .1 2 ,1.00
1.12,1.04
0.64,0.44
130 1.00 175 65 470 0.80,0.85 1.34,1.60
133 1.00 175 65 560 0.76,0.80 0.90,1.12
181 0.50 175 120 460 1 .2 1 ,1.12 0.81,4.58
182 0.50 175 120 340 0.84,0.98 1.30,0.87
187 0.75 275 120 510 0.94,1.18 2.8, 7.1
188 0.50 175 120 310
210
170
0.70,0.74
0.65,0.60
0.66,0.80
1*. 10,1.14 
1.17,0.30 
0.30,0.59
191 0. 75 125 120 220 0.92,1,04 1.00,1.32
TABLE 69 (Continued)
Run N o . Operating Conditions
s
mm/s
H
mm
D
mm
Bulk Liquid 
Concent.
g/m:
Mean Bubble 
Diameter
mm
Standard
Deviation
207 0.50 275 65 250
180
1.26,1.18
0.84,0.98
4.10,1.75
2.60,3.15
215 0.50 275 120 420
350
0.84,1.08
0.84,0.84
7.6,3.18
1.10,1.10
216 0.50 175 65 440
400
0.74,0.84
0.92,1.12
0.42,0.48
0.36,0.62
TABLE 70
Typical Distribution of Foam Bubble Diameter 
Run No. 188 Concentration 210g/m3
Seventy Bubbles Measured (mm) Magnification x. 10.6
1 2 3 4 5 6 I
1 12 2 8 12 3 3 4
2 16 3 8 12 5 3 4
3 16 11 6 7 5 1 12
4 7 5 6 8 7 2 3
5 7 4 4 4 10 3 9
6 6 11 3 7 3 7 11
7 6 11 10 5 10 5 7
8 10 3 6 ' 4 10 4 6
9 5 6 3 3 30 4 4
10 6 10 3 10 10 3 9
Total 489
Mean 6 .9
Mean Bubble diameter 0.65 
Standard Deviation 1.17
TABLE 71
Bubble Diameters in Bulk Liquid
Run N o . Superficial Bulk Mean Bubble
Gas Velocity Concentration Diameter
mm/s g/m3 mm
103 0.25 2250" 0.24
0.25 2250 0.23
0.25 2250 0.26
0.50 2000 0.26
0.50 2000 0.21
0.75 2000 0.21
105 0.25 60 0.50
0.25 60 0.53
0.75 60 0.52
0.75 60 0.53
1.00 60 0.55
1.00 60 0.55
1.50 60 0. 55
0.5 90 0.51
0.5 90 0.57
0.5 135 0.50
0.5 160 0.45
109 0.25 600 0.40
0.50 600 0.35
0.50 600 0.41
0.25 1100 0.32
- 0.75 1100 0.36
112 0.25 600 0.29
0.75 450 0.30
113 0.25 2000 0.31
0.75 2000 0.34
115 0.2 5 200 0.38
119 0 . 2 5 ’ 495 0.33
0.50 450 0.31
a. 50 400 0.33
120 0.50 970 0.275
0.50 970 0.275
0.50 880 0.280
TABLE 72
Surface Tension of BSA Solutions
Solution pH 4.6 in citrate buffer. Allowed to stand for 
30 minutes.
Concentration
g/m3
. Surface Tension, 
(du Navy Ring) 
dyne/cm •
Surface Tension 
(Wilhemy Plate) 
dyne/cm
500
/
51 49
400 50 49
300 50 49
200 50 50
100 52 53
50 53 57
0 60 66
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APPENDIX 1
CALCULATION OF SURFACE EXCESS T OF BSA
Molecular wt. BSA 66 x 103
Avogadro's Number 6.023 x 1023 G mole
o
Area of 1 molecule at surface 320-1000A2
-i
Taking the lowest figure
Number of molecules per metre2 =2 _ lxlO20
Wt. of 1 molecule (G/metre2)
320
66 x 103 
6.023xl02 3
Surface excess (G/metre2) = —  ^ x ^ —  x   ....
6.023xl02 3 320
= 0.035 G/metre2
Similarly for the largest surface area
= 66 x 103 x 1 x IQ20 
6.023 x 1023 x 1000
= 0.011 G/metre
APPENDIX 2
PROTEIN MEASUREMENT WITH FOLIN-PHENOL REAGENT (LOWRY ASSAY). 
Reagents
2% N a 2C 0 3 in O.IN NaOH.
0.51 CuSOi*. 5H20 in 1% potassium tartrate.
1 m l . of Reagent B added to 50 mis of 
Reagent A (Discard after 1 day).
1 ml of Reagent B added to 50 mis of 2%
N a 2C 0 3 in aqueous solution.
Folin-Ciocalteu Reagent (BDH Laboratories) 
dilute to make in IN acid.
PROCEDURE FOR PROTEINS IN SOLUTION OR READILY SOLUBLE IN DILUTE 
ALKALI.
Add 2.5 mis. Reagqnt C to 0.5 mis. protein sample. Mix well and 
allow to stand for at least 10 minutes at room temperature.
Add 0.25 mis. Reagent E mix immediately and vigorously. Allow 
to stand for 30 minutes. Take spectrophotomete reading at 
X = 7 50 my the absorption peak. Obtain protein concentration 
from a previously constructed calibration curve (straight 
line sloping off above 500 mg/litre .for BSA).
Reagent A 
Reagent B
Reagent C 
Reagent D
Reagent E
appendix 3
5 REM' P R O C E S S I N G  OF DATA FI Oil AN EXPER1 M E N T A L  TIN
6 REM A T Y P I C A L  EXAMPLE
12 PRI •
13 REM P= INITIAL BULK C O N C E N T R A T I O N  
1/i REM Q= INITIA L BULK VOLUMEC MLS . )
15 P R I "EXP T NO 237"
16 P = A 63 .
17 Q = 9 3 5 *
25 DC 0) = 0 .
30 E C 0) = 0
'31 GC 1) = C P / Q )* 1000 .
32 REA D N * . .
33 FOR I = 1T 0 N
3/4 REM T=T IME.» V = F O A M A T E  V O L U M E  C OLLECTED* C= CONCENTRATI ON 
3 5 R EA D TCI).*VC I ) .* C C I )
/45 M C I ) = C C C I ) *V C I ) ) /10 00
50 DC I ) = DC I -1 ) +MC I ) • ' ' '
55 RCI)=P-DC I )
60 EC I ) = EC I - 1 ) +VC I )
65 LC I ) = Q- EC I ) .
70 G C I + i ) = C R C I ) * 1 0 0 0 ) / L C I ) .
75 SC I> = C C I ) /GC I ) . *
.80 NC I )=VC I ) /TCI )
.31 NEXT I ; . '
82 PRI "TIME'S " V O L U M E ’S  "CONC • "
83 PRI
85 FORI = 1 TON
83 PRI T C D ^ V C D ^ C C I )
90 NEXT I 
9 5 PRI
100 PRI -
110 PRI " I NI TIA L  CONCN.'S "FOAM C ONCN .'S "ENRI C H M E N T ’S  " F O A M A T E  R A T E
120 PRI
130 FORI = 1T0N + 1
140 PRI GC I ),CC I ),S.C I >>NC I )
150 NEXTI
160 REM L I S T E D  DATA CT^V^C) .
200 END
703 G C I + 1 ) = C R C I )* 1 0 0 0 / L C C )
APPENDIX 4
CALCULATION OF Vb - VOLUME OF LIQUID ASSOCIATED WITH EACH 
BUBBLE FROM THE VOLUME RATE OF FOAMATE PRODUCTION (F)
= Fn , obtained from experimental data.
(2) For a given gas rate, G, and known foam bubble diameter, 
evaluate the bubble generation rate.
i.e. volume of bubble = —  .7r.(d/2)3
3
.r. bubble generation rate
G/-i. r. (d/2) 3 N
. . volume.of liquid associated with each bubble
Experimental value of V, - C may be obtained using this 
procedure. The computational procedure is very simple (only 
a few lines), the data points plotted in Figures 69-80 were 
obtained in this way and the straight lines shown, obtained 
by regression.
(1) Evaluate
Vn
APPENDIX b
LI 3
10 TIBI CHI S Q U A R E D  TEST FOR S I N G L E  SET OF C O N D I T I O N S
14 REM L I N E A R  PLO T CONS TA NTS
15 REM A> 3, R E L A T E  TO V* AIjBIj R E L A T E  TO Z 
20 A = 6 • 217 5 E - 11
30 B = “ 6 •0 5 E - 14 ~
40 A 1 = 0 . 5 1 9 4
50 B1 = ~ 3 •6 2 E- 4
60 D 1 = 1 • 0E- 3 •'
70 M = 0 •024
75 F=2 • 5 •-
80 R 1 =0 •
90 R E A D  N
91 REM C A L C U L A T I O N  OF P R E D I C T E D  E N R I C H M E N T  
100 FORI = 1T ON .
110 R E A D  CCI)-»E1CI)
120 J = 3 •!42 *(D1.»?)*M
130 EC I )=1 +CJ* (EH?C (A1+B1*CC I ) > *F) )/( C C I > *C A+3*CC I ) ) ) ) 
140 Z C I ) = C ( E 1 ( I > - E ( I ) )tP)
150 Q C I ) = Z C I ) /EC I )
160 R 1 = R 1 + Q C I )
170 NEXT  I
180 P RI"R1 =" R1
181 REM P R I N T  OUT OF P R E D I C T E D  & E X P E R I M E N T A L  DAT A
182 REM AT V A R I O U S  C O N C E N T R A T I O N S  
190' PRI "C C I ) '*.» "El C I ) ".»"EC I ) "
200 FOR I = 1TON
210 PRICCI)^ElCI)j'E(I)
220 NEXT I
230 REM L I S T E D  DATA COTJCN. VS. E N R I CHME NT .
2046 END
